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ABSTRACT

This report preseats the results of a concerted effore to atrive at a smtgl_)le rmthemncal
description of human operator dyaamic tesponse. The mvesngation has been primarily concermed” “with”
opemuons in which continuous closed-loop.control is exerted in a visual input, manual aut,put tracking
situation subjected to excitation by random appearting forcing funcnons.

The basic input to the study was a relacively large body of data on human response char-
acteristics, some available from carlier invesrigators and some from concurrent experiments. All of
the dacs availahle, published or unpublished, were considered in arriving at the vatious descriptions
of iaterest. Generally speaking the best-designed and instrumented experiments yield data in two
parts, The fiest iz that portion of the operator output response linearly coherent with his inpue and
generally taking a describing function form which invoives amplitude and phase information as a
function of frequency, The second is that portion of the operator's response not linearly coherent with
his input, the “‘remnant’’. This lacter part, by its basic nature must be describud by statistical quanti-
ties. A portion of the repor is devoted to an exposition of the mathematical basis for the models de-
rived and measurements iaken, and possible sources of the remnant.

All of the quasi-linear describing function data obtained, including some presented for the
firar rime, were curve-fitted to yield simple mathematical expressions which ace descriptive of the
linwar portion of the operaror's response for varying machine dynamics and forcing functions, The
available remnant data seatistics are correlated with task difficulty and an attempt is made to '‘ex-
plain'’ the remnant in terms of three logically distinct soutces, each resulting in equivalent operator
outpue nower. Oin tha hacis of thess correlations and cxplanations it appears possible ro define math-
ematically, within limits, the dynamic behavior of the operator for the class of tacks considered. The
definition becomes increasingly yuestionable as the demands of the tasks increase, The simple tasks
can further be used to define a *‘preferred’’ operator describing function form o that definitive critcria
for the improvement of a man-controlled machine is established,
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DYNAMIC RESPONSE. OF HUMAN OPERATORS .-

INTRODUCT?ON

PROJECT BACKGROUND S S

At the present time the Aeromedical ai:d Flight Control Laboratories are sponsoring a series of coordi-
nated contracts with the Fraoklin Institute, Princeton University and Control Specialists, Inc, aimed at the gathesing
of human response data aad the application of these datu to aircraft design, The overall task can be divided con-
veniently into three logically consecutive phases which outline the specific areas of activity engaged in by the
three contractors.

(1) The development of measurement concepts, and the design of experimental procedures, simulator
and data reduction equipmers, etc., and their application to the direct measurement of human response
characteristics in ground based simulators. This activity, together with human response data-reduction
for the entire program, is performed by the Frankiin Institute under Contrace AF 33(616)-2804. In terms
of the overall program, the fundamental research resule from Franklin is an indication of what pilots do
in n ground simuiator environment,

(2} The design of experimental procedures, simulator and flight test equipment, etc., and their applica-
tion to the direct measurement of human responsc characteristics in the wir und on the ground. This
phase is performed by Princeton University under Contract AF 33(A16)-2506, The basic research rezule
is expected to be an indication of the differences in pilot behavior on the ground and in the air.

(3) The compilation, correlation, and codification of human response datu, including pertinent handling
quality information, and the analyrical application of these correlated data (or their logical extension),
to aircraft design. This phase is performed by Control Specialists, Inc, under Contract AT 33(616)-3080,
The fundamental research results ace expected 1o be:

0. A summary and engineering evaluation of available human operator data resulting in
applicable mathematical or analog descriptions representing the pilot as a system element,

b. A compilation of pertinent handling quality and pilot opinion data obtained from airframe-
pilot flight studies, and an attempt to corre!ate these data with the operator models derived
above.

¢, The development and assessment of practical engineering methoda employing these
human response data to pilot-airframe systems,

This report presents both the results achieved by Control Spccialists in item 3-9 1bove, and some of the resuits
achieved by the Franklin lastitute to date,

From the outset, the overall Air Force program has heen predicated on the importance of the pilot as a
raontinuous closed loop contrel device in the pilot-airframe system. The original emphasis on ground simulacion did
not imply that the pilot responded to visual inputs only, but tather that such inputs were most important for the
tracking tasks under study, A validating flight test program to determine che effects of added inputs due to accel-
eration und orientation changes during flight, and the effect of an actual versus simulated envitonment on the pilot’s
control characteristics was envisioned from the very beginning. This report deals, except for one minor exception,
with tracking tasks for which the inputs to the man are visual only. The following practical examples of pilot tasks,
which can be called tracking, will make our reasons for emphasizing the visual inpur channel more obvious:

a. aspects of the collision type courses flown in rocketry and approach situations
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b. pursuit courses flown in gunnery

PO PP

¢ “constant range’ uakag in formation flymg

d. “iofinite range" tracking which appm:umﬂxgs in nmnyaggg tances sui
stabilization and umuol pmblens as tough weather (lymg, horizoieal tirn en

so forth,. . LT

The foregoing tasks are all characterized by the fact that they may be difficult (o perform, especially
when externally applied inputs may be tending to drive the aircraft from the desired course, In some of these situe -
ations the pilut is extended to his limits of performance, hence it becomes secessary (o examine the other compons
ents of the pilot-aircraft system in search of possible techniques to compensate for deteriorating manual perfurmance.

This compensation directed toward the improvement of the pilot-aizcrait system would proceed as follows:
To begin with, a criterion or criteria of system performance would have to be specified, Then one of two procedures
could be followed:

1. Theoretical

The various system elements and their jnterrelations could be described by some compatible mathemarical
scheme, Theu hiowing which elements und interrelations wouid permit modification, the system could

be redesigned about the fixed characteristics to approach of equal the specified optimal petformance.

in the problewm of the pilot-aircraft system the straightforward mathematical acheme to apply is linear
servomechanism theory. Consequently the key problem in this approach is to determine the feasibility
and then the description, if any, of the key fixed element, the pilot, in tetms of servo theory.

2. Empirical

The systew would be set up, preferably in the air, chough possibly some aspects could be studied by
the ground simulation, and the various components of the system varied according to some experimental
schedule. As in the theoretical appoach the fixed element, the pilot, is the key problem, Either a
Standard American Pilor must be supplied for the tests, or an adequate, and presumably large, number
of pilots must test the system. Also, since there is no description of the range and adaptability of the
pilot's performance available, the only way to determine whether the pilot is tracking at the limit of his
ability is to ask him,

It would be extreme to claim that the foregoing dichotomy is complete, In usual practice the two
approaches are complementary, although one may be favoted over the other, The important poine about the wo
approaches is that they are headed toward the same goal. Should they reach different conclusions about the speci-
fications for systems design, it will be necessary to resolve the differences by a painstaking evaluation of the
possible causes of difference.

in human pilot-airframe systems studies these two approaches have been roughly separated into human

dynamics research, corresponding to the theoretical approach, and handling qualities h, cotresponding to the
empirical approach. The respective basic questions being: “‘Whae does a pilot do?"" and “Whut does a pilot like?”

<

The question "What does the pilot like?” is nor always asked explicitly since excellent performance is
sometimes interpreted as evideace of prefrrence. Actually a large number of human operator performance, as distinet
from human dynnmics, studies are empirical in the sense we have described. Logical consistency demands that the
results of studies applying human response data to airframe pilot systems should be highly carrelated with handling
quality tests. Since handling qualities tests involve rankings and questionnaire analyses these correlations may be
qualitative, If this correlation is not forthcoming, the entire sequence of human pilot research (including portions
of many of the ground simulator-display-operator systems programs) will have Little value in the design of setvo
systems composed of the airframe-pilot combinatica; since pilots, not engineers or psychologists, are the final
judges of aircraft handling qualities,

At the ouiset of C.S.1's program there had been no extensive attempt to correlate the mass of existing
human operator response data with the even morc mazsive flying quality data, although valuable work had been done
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in limited and specific areas, Therefore, such a correlation was considered to be an eim-mely lmpbttant patt Of
C.8.1s effort.

was necessary io codxfy correlate gnd summarize the informaticr vmhm ench axcm zl?onmmlyy-th' ;
not as awesoms as it might have been, as previous. workers, had alieady made excellent starts
arly tfue in the handling qualities field, whete flight experience-along pacticular-lines is-almost-invariably com
pured with the tesults of other efforts, In the human tesponse measurement field some codification and-summaties—
existed, but little work had been done on showing the compatability of data from diverse sources.

It was therefore decided that C.S.1.'s efforts would be programmed as follows: : B
(1) Summarize and attempt to correlate the various human response studics available.

{2) Compile, and atcempt to correlate, pertinent handling-quality and pilot apinion data obtained from
airframe-pilot system flight studies,

(3} Attempt to correlate the data and hypothesis of (1) with the consequences of (2).

(4) Finally, if (3) was reasonably successful, apply the human response data to pilot-airframe design
problems. This final item was considered to be a meaningful (assuming success on item 3), and
telatively simple servo analysis problem,

At the present time a major postion of the wotk involved in summarizing and correlatiag the individual
fields of human response and handling quality items has been accomplished, though only the first is documented
here.

DESCRIPTION OF THE HUMAN OPERATOR

Many agencies and individuals, both in the USA and abroad, have contributed substantially to the state
of knowledge of human response characteristics, In most instances, however, their data have not heen compared,
since diffetent means were used to determine the response data, different tasks were set for the operator, different
operator inputs were utilized, only small populations were studied, and the data were presented in different forms.

A cursory review of the situation indicates that, even though the data are as yet statistically insufficient, reasonable
compatability may be found between the results; and some generalizations about human behavior in particular tasks
can be hypothesized.

The type of human response measurements of most concern to this program are those invelved in closed
loop cuontrol tasks yielding pilots’ transfer charactetistics for particular routine functions, such as stabilization and
tracking. A unique transfer characteristic for even these simple tasks cannot be expected, since a formal descrip-
tion of the pilut will depead upon at least the following factore:

(1) The characréristics of the controlled elements. (The operator, to be successful, must adapt his
transfer characteristics to that form required for adequate stability and performance.)

(2) The rart. cular type of input imposed and its degtee of predictaviiity.

(3) The actual individual reaction times, thresholds, etc., of the human during the particular operation.
(There are variations berween one individual and another, which depend on the populations sampled,
and even with a single individual at various times. Any proposed set of transfer characteristics would
certainly have to allow for individual differences.)

(4) The morivation, attention, previous training, and gene:al psychological and physiological condition
of the human at the time of the operation.

From these considerations, it is clear that our hypothetical mathematical model must be able to describe a mechanism
which:
o. adapts itself in some way as a function of the inputs imposed and elements controlled,

b may have {airly wide individual variations in the parameters adopted,
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¢ is capable of manipulation to avertain extéot-eithet by training or at the
operator's volition.

At present the individual differences-in parameters muse be lmgc!y 1gmd,smc.e :hw: arg fE\Y dﬂt- sxtant dcah

and mmmg. The adgpmbm;y of the tmnafe: ch ! np}
mattc.. aﬁd is used here as a basis of clnss:fymg pust expenments. o

The technique for achieving useful-transfer-charactetistics must account fo: the followmg. Fns.ly, o
arder to be readily applicable, the transfer characteristic muse be linearized, and secondly, this characteristic must
be genenlizable beyend the measuring (.xperiment. Since it is the verdict of past experimenters thac the human _ .~
operacor is nonlinear to sume extent in any given task, the foregoing present problems of central imporrance, “This -
report discusses two approaches to these problems:

a. a linearized transfer function plus a emnant not derivable from the input by
any linear operation

b. the use of analog computer elements to construct the model.

The generalizability of the measurements, always a problem with nonlinearities, is approached by using
what iz seentinlly a very general sore of input function. The direct attack using a noniiucar model has yet to be
successfully applied to continuous closed loop human operator tracking.

To have a complete picture of the operator from a pure performance standpoint, we need to know the
answers to two questions., The fiest is:

a. In a given situation how witl the operator perform?

b. From n petformance standpning, is there anything to be pained by haviug the
operator perform in some specified way?

Parrial answers are given to both of these questions in this repurt. The first is answered by the use of an adaptive-
optimalizing model developed to be consistent with all of the available data. This model can be used, with caution,
for stability and limited performance predictions of manual control systems. The second question is answered by
defining the preferred operator form and, in a restricted sense, the human’s response when operating with this form.

GEMERAL ORCANIZATION AND BRIEF SLiMARY OF THE REPORT

Vhile the report has a total of eleven sections, it can be divided more generally into thtee major patts, -
The first pare (Sections I-1II) is primarily background information to give the reader a general idea of the types of
manual control systeme of interest here, 2 comprehension of the historical background of human dynamics research,
and a feeling for the mathematical models and techniques required to describe the human operator adequately. .

The summary conclusions cf the first part of this repore are:

6. Thete are reasons to hope that a linearized transfer function, i.e., describing
function, can be found to characterize manual tescking.

b. Gaussian input signals are the “appropriate” inputs to be used in obtaining
describing funciions from human operators. In practice, random appearing inputs
are adequate.

c. The linear correlation between the tracker's input and output, obtained as
function of frequency, is a crucial quantity since it determines the magaitude of
the remnant term.

d. The remnant may be described by various theorics. Although it is probable

- that the remnant arises from a combipation of sources, it is impossible to decom-
pose a measured remnant into components which may be assigned to specific
sources,
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human Qynamxc zesponse data measured under conditions such that iny an gtror sigh
tailed examination and attempted explanatmn of these data in-terms. of_vmous-gathe NAE
of impastance taken in these sections is the oxgam.mmn of the damnf vaunul ugeumemers
This is followed by the déVelopmant of approximate analyg;; 31" iodels 10 fit the-
to interpret the data from the individual eourees.

The second part (Sections IV-VIID) constitutes a detailed summa:y of all the. pr,ese,nxly avsulable mLsggp:- - g;
oy 2] :;

" The sumniaty conclusions of the second major division of this-reporr-ate as follows.

@ It is possible, without duing violence ro the data, to obteain dgs_ptibing functions
which are generally applicable to the results of the many diverse experiments.

b, The magnitude of the remnant is directly proportional to the task demands. R
The tusk demands, in turn, are mainly funcrions of the input forcing function
and the controlled element’s dynamics.

¢, Alchough motivation, instruction, training, and so forth can increase the

variability of describing function measurements, the differences in describing T
functions due to individual differcnces can be made negligible by both training

and selection procedures. Training alone suffices for simple tasks, whereas for

complex tasks, such as flying an aircraft, selection of subjects is quite important.

d. The results of analog computer simulations of the Lhuman operator are compatible
with the results of direct measutements of describing functions, Fach method
complements the other in affording insights of the underlying prucess,

The third major subdivision of the report (Sections IX and X) is concerned with attempted generaliza-
uons of the consequences of the individual data. These generalizations take the forms of hypothetical operator
mlels for the tracking tasks examined. These models are in two categories ~- a general one attempting to provide
the analyst with 2 mathematical description of the operator for vatious system conditions; and the other a “'preferred
form™ which can be used to give the analyst an idea of both the upper limit of system performance and the type of
modifications which would be required to the system to achieve this “optimum" condition. By having both of these
models, the analyst can assess the performances of purticular system configutations and compare them with a more
or less theoretical optimum which could be obtained if system performance alone were the sole design objective.
Since other factors are often as important as dynamic performance, the designer must usually arrive at a compromise
based upon judgment. Having information of the degree of performance degredation, based upon some theoretical

(and practically obtainable) optimum, offers extremely valuable assistance in attaining a suitable overall design t
comproniise.

In summary this last major division comes to the folluwing conclusions:

9. The general operator model is that of an adaptive and optimaiizing device. .

l. adaptive in rhat input signals and controlled element influence the choice ; ‘
of parameters

ile optimalizing in that parameters are adjusted for best performance consistent
with stability requirements.

b. The preferred form of human operator performance is one in which no lead terms need be gencrated,
and the operator may or may not act as a smoothing circuit with a long time constant.

¢« Wheiher the system should be designed about the man so that the demands on him are lightened in
the sense of (b) must be determined by overall considerations of logistics, reliability, and so forth.

ol R I 3 R

The fina! section of the report (Section X1) is a general summary of operator response in pursuit track-
ing; e.g., tracking tasks for which both the input and the operator’s response are displayed and their difference is
the error signal. From a logical standpoint pursuit systems should be treated in the sume fashion as those systems
dizplaying error only, or compensatory systems, of Sections V through X. Unfortunateiy, however, the study of
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transfer chatacteristics in pursuit systems has been restricted to a very small number of cases and generalizatioas
cannot be made hased solely on these data. We do feel thar pursuit systems have merit in wany applications, so
the sectlon has been added to the report for completeness. The eonclusions of Segtion X1 are that pursuitsracking,

by allowing the operator to predict and therefore dectease his phase lag, enables the operator 1o use higher gain,
The result of this is better dynamic performance and smaller errors, T s

WADC TR 56-324 [}

PR
WL

Rl

Far

EYETET ™




=
E
-

WP 2

<
5
s
£
B
:
&
i
E
E
H
]
H
i
3
&
-
=

Y. TE P

E
v
.4

[T ]

il

TYPES OF MANUAL CONTROL SYSTEMS

]
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The behavior ot human beings as elements in company with other components of control sy; T
depend both upon the capabilities of the human and on the external environizent. By his ability to-modify his-char- - .
acteristics to mactch appropriately the many possible control situations, the human must be considered a unique :
control system component. The vecy fact of this adaptation makes description of the operator enormously complex
when viewced in the large, and makes it desirable to try to set up some simplified, constant situations within which -
one may have some hope of obtaining a teasonably simple behavioral model, :

In order to deal with the control situation with any degree of canfidence, therefore, it is necessary i
that the goals of the contsoller and the constraints or rules governing his interactions with the sysiem remain
reasonably constant over the durarion of interest. Thus if we consider the example of a duck hunter scanning a
flock of birds, each exciting his interest and making him hesitate in indecision before aiming for a particular bird,
we ieve a problem of resolution of purpose or goal orientation. Similarly, the hunter might be assumed to have a
gun whose behavior was unknown to him, its shot spread, range, recoil, or accuracy might vary in an atbitrary
manner, This type of problem illustrates an unfamiliarity with the rules governing the controlletr’s interactions
with Lis environment and his problem. In this report we are not interested in either of the above problems. Our
emphasis is on that phase of duck hunting where a reasonably experienced hunter is leading a flying duck with his
shotgun. We want to be able to describe the hunter's dynamic petformance., We never got around to describing ‘
duck hunters, but we do attempt to describe the manual processes for minimizing visually pereeived errors by
cxcicising continuous control so as to match visually presented input and output signals, This is what we define
as tracking. With sur interests focused on tracking, we can now attempt to classify tracking problems for our con-
ceptual convenience, Our criteria for classification will be based on the type of information which the stimulus to
te tracked and the controller’s response present to the contoller us a basis fur futuwe taching decisions. In appli-
cation, these criteria tesult in three limiting types of classifications, defined as follows:

Precognitive

This condition exists when the operator has complete information about the input’s futurc and a stimulus

can trigger off a repertory of practiced, properly sequenced tesponses. In a sense, the situation itscif

may be the etimulus. Thus throwing a baseball at a tatget is precognitive behavior, as is steering a car

out of a skid, or navigational flying under VFR conditions., The operator doesn't need to maintain a

frequent check ou the individual responses in a sequence. Instead end product responses are monitored;

such as, "Did [ hit the target?’’, *'Am I still skidding?'’ or *'Have I passed over a given fix?** In that

continuous close control s not maintained on the petceived crror, precognitive behavior is not wtracking.,

However, we have included this behavior because nccasionally tracking approaches these conditions.

One might call precognitive behavior open loop conrrol. ;

Pursuit j

In pursuit behavior past experience provides the tracker with information about what to expect in a
future input, but he must operate in a closed loop fashion with visual feedback about his responses. .
In this form of tracking the operatot’s corrective responses can be distinguished from his input, The L
reader should realize, however, that these responses are displayed after they have been modified by :
the iys!em dynamics., Our duck hunter aiming for a bird using an open sight is an example of pursuit
tracking,

Compensatory

Compensatory tracking is the same as pursuit except that the visually displayed effects of the control-
ler’s responses ate not distinguishable from the systemw’s input, Were our duck hunter aiming for the
duck using telescopic sights with a small field of view, we would have compensatory tracking, Since

in compensatory tracking the visual display is the system forcing function minus the modified control
response, the operator can determine the effects of control motion alone only under zero input conditions.

e sty e

in this report we shall be concerned only with certain members of the pursuit and compensatory classie
fications. This study is specilicaily applicd to manual control systems where the operator has the more or lass
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continuous task of trying to effect some degree of match between a visually displayed input quantity and a visually
displayed outpue quantity being controlled,

For the conditions of concera in this report the classifications above can be conveniently thougke.af -~ -
as defining the type of display. Figure 1 illustrates the general natwe of pure pursuit and compensacory displays,
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a. Pure Compensatory Display. b. Pure Pursuir Display.

Fipure 1. Compensatory and Pursuit Displays.

In the compensatory display the operator iz presented with an input consisting only of an indicator showing the
diffe:eace, or error, €t), between the forcing function i) and the system cutpur, 7(r). The operator's task is to
minimize the ervor signul presented by trying to keep the circle superimposed on the stationary cdot. In the pursuit
display the operator sees both the input and output of the system. Again the operator’s task is to minimize the
error existing between che location of dre doe and the ciicle, with the general opcration being onc of pursuing the
target with the follower, trying to keep the circle around the dot. For the purposes of this report, then, the input
environmencal factors operatiug upon the control system can be essentially reduced to a definition of the type of
display presented to the operator. Other fine points are actually involved, but for the nonce these will be deferred
to later scctions.

The other fundamental factors in the control sitnation are the type of element being controlied by the
operator, such as an aircraft, automobhile, etc., and cthe acruai means of excriiug vontiol, such as a control siick or
wheel with their associated restraints (springs, dampers, ere,). All of these characteristics will be luniped into
the general classification of the "'controlled elements.'’ In many cases the controlled elemeut can be described
suitably by linear transfer functions, though in others nonlinearities may be present which also require description.

With the controlled element and display type defined, we can now draw functional block diagrams of
the two simple control situations considered in this report. These diagrams, Fig. 2, show the human opetator as
an element of a closed loop system.

If the characteristics of the human operator for a given overall task are assumed to be cepable of
quasi-linear description, the operator mathematii al mode! will consist of a linear transfer function plus an
additional quantity inserted as an input into the system by the opetator. Then the funcrional block diagrams
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@ Functional Block Diagram of Simple Puesnit Manual Control System.

SYSTEM
FORCING OPERATOR OPERATOR SYSTEM
FUNCTION ERROS VISUAL ouTPUT oureUT
i(r) €(r) y fpSTimuLus HUMAN clo) CONTROLLED | r(8)
———1 pisPLa < | operaTOR ELEMENT
b Functional Block Diagtam of Simple Compensatory Manual Control System.
Figure 2.
of Fig. 2 can be made into equivalear block diagrams showing ». . *w, =d operations of the system, These are

shown in Fig. 3. To simplify the structure, the dynamic characieric*c 5 of the display are lumped with the controlled
element, and the actual forcing function is modified, if necessary, to an equivalent one. The linear transfer char-
acteristics of the human operating on his presented inputs are described by the weighting functions, y, (s, yp(r)

and y(7), or their Laplace transforms Y, (s), Y,,(s) and Yfs). Since all of the operator’s output is not desctibed by
the action of these transfer characteristics, an additional term, n,(t), is added at his linear output to form the total

operator output c(¢), The location of n.(¢) at the cperator's output is atbiteary, and does not necessarily imply that
such a quantity is physically inserted at that point,

The two biock disgrams of Fig. 3 cieariy iiiustrate the servo system characteristics of manual control
systems in general tracking tasks. Recognizing this ailows us to apply the whole body of servo theory in our
sitack upon human behavior in such manua! contiol systems., As servo systems with single inputs, the compensa-
tory system is of extremely simple, single unity-feedback form. As a closed loop system, the operator’s ourput
and system error are given in terms of Laplace transforms and transfer functions by,

Y(s) Ks) + N.(s) . 1s) - YAsIN(s)
s) = Pt o) o e € .
cts) 1+ Vsl Yls) - Fis) 1+ Yls) Ye(s) (-1
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The pursuit system is a somewhat moze complex servo, being a particular type of open-cycle, closed-cycie system.
Here the operatot’s output and system error are given by,

[%(s) + %g(s)]is) + Nels)
cls) = = T

a-2
_ [1-7,,(s) YD) 1s) = Yels) N(s)
A P R B R

By comparing the ertor equations of Eq. (I1) and (I-2), it is quite apparent that the pursuit type of system could re-
sult in smaller errors than the compensatory system if the operator is capable of making cffective use of the addi-
tional information available by the proper adjustment of the transfer function Ypi(s). Thetefore, even though most

of the available experimental work summarized in this report has been concerned with compensatory systems, the
pursuit system offers possible improvements and some aspects of such systems form an important pare of this report.

| i

. OPERATOR'S |
i(r) REMNANT
Yoi 8
R\l OPERATOR'S SYSTEM
’ lou*rrm ourpuT
OPERATOR'S .
SYSTE Lineng {B i L courz:n.l.eo a2
L]
FORCING systeEm|CHARACTERISTICS ELEMENT
FUNCTION ERROR |
it 4 €t
() LR w k |
l HUMAN OPERATOR I

@ Equivalent Block Diagram of Pursuit System with Linearized Operatos.

OPERATOR'S
SYSTEM REMNANT ,

FORCING SYSTEM OPERATOR'S SYSTEM
FUNCTION ERROR ' OPERATOR'S n{¢} §ourPur oUTPUY
) LINEAR Ye e
i{e) + €(t) CHARACTER- c(t) CONTROLLED

- ISTICS |8 8] ELEMENT
l ¥
HUMAN OPERATOR

b. Equivalent Block Diagram of Compensatary System with Linearized Operator.

Figure 3.

* See ]. R. Moote, Ref, 60,
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Section 1l
GENERAL BACKGROUND FOR HUMAN DYNAMICS RESEARCH , o
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This section will attempt to put human dynamics studies in their historical perspective and.to-provide.
a verbal sumsary, having some psychological content, of the analytic developments which will be presented in
greater detail furcher along in this report.

e

No pretense is made to either depth or completeness of enverage in this section for we are attempting
to equip the reader with adequate familiarity rather than a scholarly knowledge of the tracking field. Any omissions _.
of pertinent human Jynaiics research that occur are due not to value judgments bt ignorance on our part. More h
details and originai references can be found in (28, 48, 561

A. THE ROLE OF PSYCHOLOGY

Before World War II tracking as such received no attention in the psychological literature. To be sure,
experimental psychologists conducted research on many aspects of human sensoty and control behavior which were
later to be of importance in tracking studies, but their interests were not in tracking performance, Perhaps the
earliest tracking devices used by psychologists =ere pursuitmeters, simple Jirect manual controlled devices which
might have either compensatary or pursuic displeys. These pursuiemeters wese used from the cacly 1920's on to ‘
study eye-hand coordination under such conditions as degree of alcohol ingestion, different training routines, and |
different instructions, ctc. In addition pursuitmeters were used as components of test batteries designed for the
selecrion of persons possessing a high degree of eye-hand coordination, and as devices fer praducing boredom by
prolonged oneration. Many of the foregeing applications of tracking devices are still under active study,

World War I stimuiated our present ancrest in tracking since the host of complicated manual control
devices developed for modetn fite control pioblems required a more Jetailed description of human of erator perfor-
mance than had hitherto existed, No longer could pilots or gunners compute leads in their head, as our duck hunter
in Scction Twas able to Jo, bue wew thic human opetator scrved as a semsor which generated measures of rates,
positions, and sometimes ranges of a target; and as a controller which fed iliese data into a computer, Depending
on the dynamics of the contrelled element, the operatar might he conpled wirh a system which resulted in poar
performance or even tended to instability,

At first, in the haste of the war time emetgency, little thought was given tc the human operator of the
various military tracking devices. First in Great Britain, and then in this country, the improvement of the human
ope:ator's functioning became recognized as an important research area, As a consequence, tesearch teams con-
sisting mainly of psychologists were organized to improve matters, These men reflected professional attitudes
and prior training in theit manner of attacking human operator performance problems. Industrial psychologists frag- !
mented the task, petformed job analyses, and proceeded tn develon test techniques for the selection of parsonnel i
who could be expected to exce! at the tequired task, Experimental psychologists took a different tack and directed
their efforts toward incteasing the number of possible competent operators by studying the complementary possibil- ;
ities of training and of equipment redesigr. The training studies fell rather naturally under such craditional learning ;
rubrics as: transfer problems, part vs. whole learning, massed versus distributed trials and so forth. Equipment
tedesipgn efforts were divided into static, kinetic and dynamic studics. The static studies dealt with such marterse .
as anthropometry and the placement of controls, knob and handwheel design, reticle design and so forth, The 5
kinetic studies concerned themselves with control display relationships. Typical of the kinetic questions examined
were:

o. What is the optimal display-control ratic?

b. What is the optimal tracking handwheel diameter and speed?
¢, What effects do friction, stiction, inettia and so forth have on tracking accuracy?

d. What are the effects of magnification, rerical design, raiget size, and so forth
on tracking accuracy?

e. What ‘s the subject's reaction time in respeuding to a step input?

g
i
£
i
H
E
i
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H
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The list could be expanded, but this sampling of topics serves to chazacterize the type of questions which were of
interest,

The dynamic studies are chgxactmzed by their emplmsxa on. mcmp:ed analym: daacnpnms.of_dwe

studies first arase. It is clear, hnwrver. ‘that such smdnes.we:e_ougmated ‘and- stmu a_e - 3

psychologists, Much of the experimentation, however, and the introduction of conceprs of psycholog:cal or psycho-
physical content, was due to experimental psychologists. In a sense, the engincers introspected on the problem
with the aid of some paychologicul sophistication, The most complete background data which the experimental

psychologists could maks available for this introspestion deals with visual processes aad with weaction times.

There are data on visual sensory discriminations in referring to the iesolving power of the eye, the
adaptation of the eye, and the discriminability of displacements, velocities and accelerations. These quantities
are often interdependent, and one must recognize the presence of interactions between the size of a visual stimulus
the stimulus’ luminous inteasity, and the brightness of the surroundings against which it is viewed. Similarly,
there are interactions between the degree of structure in the visual field and the perceprion of displacement, veloc-
ity or acceleration, Because of the intimate relation of these data to the measuring sitvation, the general inade-
quacy of mathematical medels (such as Weber’s law) and the ready avoilability of summary dara and handbooks, no
attempt will be made to present numbers at this time {28, 69, 79, 941,

On a wose highly integrated level in the nervous system che visual sense has been studiad to determine
the effects on reaction time delays of competing stimuli. Notions such as ''span of atcention'’ are pestinent here
in the evaluation of cracking displays. The competition among stimuli leads us to the various studies on the in-
crease of reaction time in multiple choice and compound reaction time displays in which a higher mental process,
invelving selecting and sequencing response derisions, results in a slower reaction time, Some workers have found
it useful to describe similar phenomena in an informating theary concext [43], and s would be expecred it has teen
found that reaction time increases with stimulus information content. It is of inter=st to note chat when a one bit
visual signal, i.e., go or no go, is employed as » stimulus to the practiced alerted human operator the reaction time
approaches a lower limit of abour 0.15 seconds. Therc are other cases in which dhe tife (o tespond may approach
zeto, as in anticipatery behavior, but in these cascs we are really redefining the stimulus to which the response
takes place, and the reaction time remains at its physiological limit. This brief discussion serves to indicate the
critical importance of the context and predictability of the input signal to the operator on his reaction time, In
Section IV we will attempt to analyze the seaction time found in tracking in terms of its component parts. Suprising
as it may scem, the reaction time exhibited in a serial response problem such as tracking is an elusive quantity,
This is because it is difficult to isolate pruper stimulus-response paits in the tacking task as well as the lack of
a simple criterion of predictability whick could serve as a basis for ranking stimuli. Fenn [29] has made measuse-
ments which show that the minimum period of free wagging for fingers or limb is a chatacteristic of the nervous
system rather than of the musculoskeletal system. This minimun period is 0.1 to 0.15 seconds and is presumably
the lower limit for serial reaction time,

We have discussed delays which might occur in the onset of a response due to czganization factors in
the visual modality. The operator can and does organize his perceptions around more than just the proper sequencing
of responses, for his responses must be appropriate in magnitude as well as direction. An intcresting psychological
pronlem arises here since the magnitude of a stimulus is related to the context in which the stimulus ie found,

The so called range effect provides an example [26, 71,73, 77,89] and although small and of lirtle practical impor-
tance in actual equipment operation, the presence of this effect is easily verified by experiment (e.g., Figure 21).
The «fiect consists of avetestimating » stimulus when it is the shortest and underestimating che same stimulus
when it is the largest in a range of stimuli. It is difficult to separatc motor from sensory influences in tracking
periormance, but the compatibility of the *‘range effect’’ with such perceptual phenomena as adaptarion leve! pro-
vides a consistent framework for discussing the effect in perceptual terms. Best present knowledge indicates that
the range effect is asymmetrical in that responses to the smallest displacement are more heavily skewed to the
mean of the series of stimuli than are the responses to the largest displacements of the series. It is possible thac
the explanation of the skewed distributions may reside in the type of scale which the operator uses to subiectively
rank stimulus magnitude, with the central tendency effect explainable either perceptually in terms of an adaptation
level or on the response side Ly some sort of least effort principle. For owr present purposes the reason for
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discussing the ‘‘range effect’’ is to serve as an illustration of the type c¢f stimulus context variables which influeace
the organization of tracking behavior and which were considered important when human dynamics were £zst exnmmcd. -

Thete are a seties of more nebulous psychological factors which, thou&h not madx]y am S
cription in engineering terms, nevertheless are of importance because of their influence on m\ckmg ko Eoiange
Aspiration level, motivation, and ‘‘set to respond’’, are the major factors of this type, . ~ ik

The tracker’s level of aspiration in the tracking task determines his sell imposed level of ,;rag_lting p_er,-__i
formance, The tracker who is attempting to minimize an error will not necessarily reduce the error to the limits of
his visual acuity, but will reduce the error to that level which he is willing to tolerate, Certain etrors may be deemed
unavoidable or too small to bother abour [40). Although magnification serves to inerease the appacent error, track-
ing performance does not improve in proportion to increased magnification since the attendant diminution of field
size offsets some of the gains attributable to increased magnification, High motivation enables the tracker to over-
come fatigue effects, to persist in boring tasks, and to focus his efforts on the task at hand without regatd to distrac-
tions. The operator’s set to respond refers to behavior which may be established by instructions. One could instruct
the operator as to the visual cues to expect, or in the manipulative procedures to be used in tracking,

The foregoing general and sketchy remarks are indicative of what the psychuiogist would consider in
formulating a description of human dynamics,

The earliest, basically psychological, formu:lation of this nature is due to Craik [20] who hypothesized
that the human operator in a trzacking task emitted corsective responses which were not modifiable by sensory feed-
bazk during their execution which was at a frequency of two per second. The 0.5 secondy period between tespouses
was called rhe refractory period, Smoothing in the tracking system might, however, sctve to mask this hypothesized
discrete nature of human tracking. In experiments, the refractory period was manifest when the reaction time to the
sccond of two consecutive stimuli increaced kv as much as 0.3 seconds beyoud the noival 0.2 sccond wcaction ume
to the Tioe stimulus when the stimuli were less than 6.5 secomds apart, There (s o woluminous literatnze on the
tefractory period, and we have only referenced a few representative papers (21,25, 41,46, 59,87]. The present status
of the controversy appears to be that most observers agree that there does appear to be a supear-imposed ripple of
abuut 2 cycles per second on the vacker’s ourput, but tiere s considetable disagreement as w die source of this
periodicity, Later in this report it will be found that this type periodicity is consistent with three of the remaant
models presented. Additionally, the near neutral stability, which it will turn out characterizes many man-machine
systems, would also tend to manifest itself ac 2 superimposed ripple when excited by any remnant nt all [82),
Whether this ripple is at 2 cycles/second is a function of the contrel dynamics and input signal,

B. THE ENGINEERS CONTRIBUTION

The cnginecrs’ interest in this problem arose when the human operator was given power controls to
manipulate. Direct linkages, or “'pointing stick’' devices caused ne maizr sreblems, but wha: the controlled ele-
went {Fig. 2) assuwed dynamic Chatacieristics, suability and die critetis of meric for errors became probiems, The
interest and attitude of engineers can be summatized by uyuoting Tustin whose early work was the genesis of the
tuajur comeat of chis report [82], -

"“The object of the series of tests described in the present report was to investigate the nature of the
layet's tesponse in a number of particular cases and to attempt to find the laws of relationships of movement to
error. In particular it was heped chat thiz relationship might be found (within the range of practical requirements)
to be approximately linear and so permit the well-developed theoty of ‘linear servo-mechanisms’ to be applied to
manual control in the same way as it is applied to automatic following '

This same attitude and hope had motivated A. Sobczyk, R.S. Phillips and H. K. Weiss (44, 91,92], but
it was Tustin who introduced the concept of measuring a linear operator to describe the hunan and recognizing a
remnant term which expressed that portion of the operator’s contrel behavior which was not ascribable to this linear
operation on the input. It is this basiz notion which lias been cxtended in this present report. Tustin went further
and postulated origins for the remnant, In his earlier work [82) he suggested that an essentially white noise at the
operator’s output, and not variations of his linear transfer functions parameters, might account for the remnant,
This remnant actually accounted fer half of the total error,
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In a subsequent repore [86] he was of a different mind, and believed that the remnant resulted from the
existence of a '‘threshold’’ in response together with a tendency for the tesponse to be impulsive in form. The evie.
dence for this is weak, being based on a questionable choice of linear wansfer function form which yielded the
parameters for the human operator’s underlying linearized differential equations, The appropriate differential” =
equations in operational form were applied to the error-input and-to the centrfol response and the- two splutions- to.
the equatinns were plotted and compared. This comparison; over a seven second segmeni,. showed periods of alum;
0.5 second.over which the output was zero followed by an impulsive response of a magnitude wl'uch seemed to vnty
in a randon fashion,

Although 1t is not impercant for us to dwell on the form of lineatized transfer function Tustin extracted
(in Section VI we will present some of his data in detail and recompute transfer characenristics), it is of interest to
note his findings on the optimalizing behavior of ¥,, the human’s description. Tustin ubserved that the operator
adjusts his open loop gain to a value such that the controlled element and the operator formn a matginally stable
system. This finding anticipates a great deal of more extensive futuwre research, and is one of the human operator's
most useful characteristics. He can change his characteristics to improve performance consistent with stability
considerations.

Another imponant finding of Tustin's {83} upon which a considerably more elaborate structure has been
built is hic rancept of compensation as applied to man-machine systems. Compensation, of coutse, is a very old
servo sysiem technique which consists of designing such circuirs as will provide Icad or other equalization for the
operator to compensate for his phase lags, and thus aliow him ro operate at higher pain, while attenuating the rela-
tively high frequeacy remnant noise as best as possible. Thus compensation is a compromise between lead and
lag networks, each dominant over different frequency ranges. The exace specification for the compensation net-
works is a function of the controlled element and precise knowledge of the remnant’s frequency characteristics.
Tustin conxidered aided r2cking te be a primitive form of vompensutivn. Tustin advecated doing for the operator
what he capnot do wel® himself, but allawing him to act ar an nptimalizing amplifier, which ke can do quite well,
This contribution of Tustin's has been modified slightly, but remains cssentially unchanged as one of the major
conclusions of prescunt human dynamies research,

That the human operator imposes certain requirements vn the controlled element was recognized by
others as well 44, 91,92). Weiss, for example, presented a detailed argument for aided tracking, i.e., the man and
his manual control have the transfer characteristic Y, where

, {1+Ts)
A S
T is the aided tracking time constant = the ratio of change in position to the change in velocity of the output as a
result of a given change of manual cuntrol position, Weiss's position was that aided tracking was by far preferable
to velocity tracking, for which the uansfer function was 1/s, since velocity tracking forced the operator to generate
high leads with consequent iugner errors and the risk of going unstabie.

In addition, Weiss advocated so selecting the particular aided tracking time censtan: with the controlled
elemenr dynamics in mind. Thus a controlled element whose ttansfer function was of the lead-lag form could be
coupled with an aided manual control so that the manual control’s lead cancelied the controlled element’s lag. The
result would be equivalent to a conuolled element of transfer function equal te unity, and an aided manual control.
This new aided manwsl control would of course have a time constuni wihich was cqual to the 2ine constanmt <f the
lead term of the controlled element.

This suggestion was aiso made by a team of engineers and psychologists working at The Franklin
Institute during World War II who conducted mauny large scale simulator experiments to determine the optimum aided
tracking time constant for various controlled element dynamics [59,66]. Not only were the theoretical predictions
for the optimum aided tracking constant corroborated by experiment, but the thesis that what the operator is given
to work with is more important than his training or selection was demonstrated. This thesis is cesnitral to engineer-
ing psychology. Untrained college students, sectetaries, and engineers were able to out-perform traincd gunners
on flexible gununery simulstor tests when the naive subjects were provided with oprimal controls and the trained
gunners used existing equipment.
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Weiss, as did Tustin and others, took cognizance of the human’'s time constant adjustability by sug»
gesting that tracking instructions be determined by the smoothing, i.e., integrating circuits following the man in. the
control loop, Thus, to be specific, with the M5 director he advised smooth tracking, i,c., no rudde changes in
error, bue w:th the M7A1B1 director he advised quick corrections, since the: assoexated smnotlung cuguns 'casxl

on tracking tequxrﬂments could be supplied to selcctmn and trammg facilities. -

North, in an a priori non-experimental model, elaborated on the applications uf spectral density tech-
niques by expressing the system error spectrum in terms of coherent and swochastic influences, thus gaining insight
into the remnant’s steucture, These foregoing suggestions that the spectral density is a useful analytic tool for
evaluating tracking will be developed considerably in Scction III of chis report,

We will not discuss analog computer models of the buman operator in this section since the Goodyear
group's fine work in this regard will be considered in detail in Section VII of this report. In additien we will not
dwell at any length on the various suggested lineacized transfer functions for the human operator (44,67, 85). Suf-
fice it to say that most of them were of the general form:

C_y o Mlshs)e™ | K+Tis)e®
T {1+ 1,5) - s

In Scctions V and VI of this report we will derive describing functions (lincarjzed transfer functions in
the Tustin sense) for various input and controlled element characteristics, and attempt to bring otherwisc disparace
resules wgether.,

Many of rhe early wotkers in the field attempted to develop these lnunan aperator models on an a priori
tasis by postulating auch artributes as: proportional, or proportional plus derivative eanerol, or that the mueccula-
ture (a second order system) was important and could be appravimatad by a firer order tezm, or that r was 0.25 «r
0.3 or even 0.5 seconds, Actually, these efforts were usuully misleading, and as will be seen in Sections V and V],
it is considerably more effective to extract ¥, {rum the duta, while using physivul icasoning us u iechnique for
getting insighis, not as a closed deductive logic.

There are considerably moie historical references than have been discussed in the foregoing. Some of
these are in out list of reicrences, others may be found in the summary repores [28, 48, 561, It was our intent to
select material in the foregoing which anticipated in some sense our subsequent development rather than to strive
for completeness,

-—r
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MATHEMATICAL MODELS FOR MANUAL GONTROL SYSTEMS
AND QUASI-LINEARIZATION TECHNIQUES

A, INTRODUCTION L AL el

A tundamental problem in dynamic analysis is the mathematical cheracterization of cause and sffect
relationships for general system elements. A direct way to specify such information would be to determine the
element responses arising from a lrrge variety of inputs, and then to catalog these results as input-response pairs.
For all but the simplast elements and conditions this direct procedure would become extremely unwieldy. In order
to achieve a simpler specification, we would like to modify the basi. question from ‘'‘What are the effects due to
various causes?’ to ‘'Whae is the operation of the system element in medifying a cause into an effect?'’ In other
words, the analyst desires a “'mathematical model"’ of a device which respoads to un iuput in & fashion approxi-
mating that of the physical element, and which might be used for scveral similar types of inpurs.

With systews containing only elements which behave in a fashion describable by linear constant-
coefficient differential equations, this second question is answered simply by specifying the system'’s weighting or
transfer funceions, If the system were represented by the block diagram of Fig. 4, where the weighting function,

STSTEM
INPUT Characterized by: OUTPUT

Churacterizod by; Q—w—— h(r) — Weighting Function =0 Charactarized by:
1. i(1) ax a time funetion H{s) ar H(je) — Tronstar Function 1. 1t} o5 a tims function
2. I(s) os the Laplace 2. R(s) as the Loplace

transform of i(r) transform of A(r)
3. jw) as the Fourier 3. R(jw) as the Fourier

transfarm of () transform of () -

Figure 4. Linear System Representatios,

b(r), is the time response of the system when an impulse function is applied at zero time, then the relationship
between the response and the input wouid be given by the so-cailed superposition or convolution integral,

W) = [ bile=dr ' ann

Since the response, 7{t), to any isput, i(t), can be found if (s} is known, we can dispense with a gigantic tabula-
tion of inputeresponse pairs to describe a linear system’s operation, and need specify only the weighting funcrion,

Because algebraic operations are easier to use than integrals like Eq. (IIl-1), it is usually preferable
to work with transforms of the input, response, and weighting functions rather than the time functions, If the
Fourier transform is used, the transformation of Eq. (1II-1) becomes

RGe) = [r()eordt = HGw) (o) (1m-2)

-ou

where R(je), I{jw), and H(jo) are the Fourier transforms of r(t), i(t) and b(s) respectively.
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When the conventional unilateral Laplace transform is used, the convolution integral of Eq.(1ll-1) is
first madified to

A = afb(r).-(:-v)dr; (20 )

This form of the convolution integral can then be Laplace transformed to give
L
R(s) = [ ) e-stds = H(s)is) (Il1-4)

where R(s), I(s), and H(s) are the Laplace transforms of r(¢), z(l) and b{t). The trausfer function {s), is essentially
the same thing as the transfer function H(jw), with ja replaced by s.t

‘The introduction of the weighting function, or its transform, the transfer function, allows us to describe
the performance of a linear system completely without having to resort to the awkward device of a complete dic-
tionary of input-response pairs. On the other hand, in a general system some of the parameters may not be linear,
but may depend, instead, unon the values of the dependent vatiables which define the system’s response. If this
in the case, the convolution integral is not valid, and the behavior of the system is a function of the particular ine
puts and initial conditions. This puts the analyse righe back to che baginning —-forcing him to define system oper-
ation by input-response pairs -— for the response of a nonlinear system to a particular input is just that! Resulrs
of nonlinear analyses are applicable only to the specific situations considered, and the specification of system
behavior tequites us to give both the input and the response,

Fistunately many nonlinear systems of interest have specific input-specific response pairs which
appear ta be very similar to input-tesponse pairc for linear systems. This similatity leads immediately to the
notion that the performance of some nonlinear elements, fos particular inputs, could be approximated by a linear
element plus an additional quantity called the remnant.t From this general basis che descriding function technique
has been cvolved, In this approach nonlinear elements ate replaced by "equivalent’’ linear elements. The equi-
valent linear element is derived from consideration of the response of the nonliness element to a particulas type or
class of input, Since the input type is defined, and the response is the result of a linear operation, it would be
expected that this equivalent linear representation would be of conniderable value in approximating the actunl non-
linear system,

As an example of this concept consider the sinusoidal input describing function, which is derived from
consideration of the harmonic response of the nonlinear element to a sinusoidal input at various frequencies and
amplitudes. Suppose that a sine wave is applied to the input of a nonlinear clement having a single input und
output. The output very likely will be a nonsinusoidal periodic wave with the same period as the input wave. If
the output waveform is analyzed in tetms of its Fourier components, the fundamental component will bear a rela-

tionship to the input sine wave which can be described in amplitude ratio and phnse angle terms. The dcscnbmg
funcrion will ha the ratin of the fundamental 09 she insus iz shr sone 3 1. oo Tho coooooe

=a asegr ey dan s il SQNL -v-, wi WLt AI‘ & aiUTRS o,.n»nn All\- s iniigian
will be composed of all the higher hurmonics, The output would then be the sum of che describing function times
the inpur plus the remnant.

From the above comments it is apparent that a whole series of describing functions could be defined
for a pasticular nonlinear element simply by considering different types of iaputs. The sinusoidal input describing
function alicady nuied is exceptionally important and is un cft-used tool in servo analysis. In many problems the
type of transient input is faitly well known in analytic form and a {vansient describing function is of valve, Of
these the most important in this report is the step input describing function, Finally, perhaps the most important
type of describing function for geaeral systems is one based upon statistical inputs. Such a describing functicn,
particularly for inputs with Gaussian amplitude distributions, is very important in nonlinear control problems

t Witk some additionsl restrictions, particularly with regard to the convergence of the Fousiet and Lapl fotm integrals,

the Fourier and Laplace transformations of i(?) and r(f) will be identical for 120 when 5 repl f®. Therefore, even though
Fourier transforms ace most often uged in this report, both forms will appear as dictated by local convenience,

$ While the noticn of molding u nonlinearity into an tquivalent linear element is quite old and has been used by many writers,
the first instance of major exploitation of the techaique was peobably by Kryloff and Bogoliuboff [SS].
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: : involving the types of inpurs used in statistical design techniques, and caq be considered a fairly genétal fype of
= equivalent linearization, This Gaussian input describing function is of particulag impertance in.this repors,

As a final general comment on describing functions it should be scated thar; since the inpu
fezent, the only thing the various describing functions have in common:is the nonlinear System tligy:¢
If the nonlinearicies in the system elements become more linear, the various describing fuiictions te
one another. When the nonlinearities are entirely removed, all of the describing functions become idesitical T the
system's transfer function,

Because the characteristics of the human operator depend strongly on whe type of inpues which he is
expected to follow, the describing function concept is our only recourse if it is desired to tetain the general sim-
plicity of the linear methods. Almost all of the experimental researck upon which we shall report, and which
attempts to specify operator characteristics in manual control tasks, has been based upon this general approach.
Thetefore this seciiva is devoted to various aspects of the describing funcrion technique,

"Mt A5

a

Before embatking upon the detailed discussion of the describing function methods useful in approxis :
mating human responses, it is necessary to mention some alternate approaches to the nonlinear problem, The most
imporeant practical alternate is the use of an operator analog comprised of analog computer elements. Using the
very wide range of aonlinear and linear analog clements available, a computer setup can be made by cut and try
procedutes und adjusted until the "analog operator’’ responses to particular inputs are similur to those of the
actual operator,

1 LR

If a “*perfect’’ analog were ever achirved, the input type would not be imporcant. In the case of the
human operator, however, a scparate analog is required for diffcrent inputs to achieve a practical and reasconably
simple computer setup. In this sense, then, the computer analog represents a nonlinear describing function, The
technique is of great value in instances wheie a point by point prediction of operator response is desired, for
studies including nonlinear control effects, and as a means of providing insight into some of the types of nonlineur
behavior which might occur in the operator. When uonlinear transfer characteristics become exceeding!y important
it is probably the only practical approach, The analog technique is fairly swaighifoiward, so no further discussion
of the general method need be included in this section,

T h NIy

[

oo

There are, of course, other approaches to the problem of specifying the characteristics of a general
system, such as the phase plane method, various digital computer techniques, decision function models for opere
ator choice behavior, etc. None of these, however, arte as yet of much importance in the empitical determination of
operator charactesistics.t

In the way of outlining what is to come, this section is divided into two major parts. The first part is
devoted to a general explanation of the describing function technique. This par, in turn, is made up of tluce sub-
sections, one on sinusoidal irput describing functions, ~ne on Gaussian input describing functions, and the third
on step input describing functions. The second part is concerned with an exposition of the general mathematical
terms involved in the measurement of describing functions and remnants, of both the sinusoidal and random input
variety. It consists of several topical Jivisions including the determinativns of open loop quasilinear describing
functions, the spectral density cf the remnant and the system error, and the mean squared error. Other quantities
of particular importance, such as linear correlativas and signal to noise ratio, are also developed. Finally, the
possible general sources of the remnant term are considered in some detail.

The major purpose of this section is to provide ie general mathematical background appropriate to the
actuz! rypes of zorve system probleszs Inveolved, Much of rhe discussion is theielore fuirly avademic end a good
deal could be skipped by the general reader without too great a loss in understanding of the latter sections.

B. QUASI-LINEAR DESCRIBING FUNCTIONS g J
In the study of human dynamics the operator characteristics are strong functions of iaput type, rimilar :

to those of many other nunlinear systems. As will be shown later in the review of expesiwental work, a very im- :

portant factor to the operator in determining liis response characteristics is the general predictability of his input, z

| These other techniques occasionally offer or bring up useful and interesting side issues — sec for example Platzer {62].
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completely prednctablu.- once atarted), ste; functions (which -havé kaown final valbes. ifﬁmédxately after fnitd
che sumnlus). and “‘randoin appcnnng fun«.tmns The randen mppeaung mpnts are not resmctcd to func_

ally related sine waves. In most of the experimental wmk the xandom _ap;: nrm& mputs have been-enherasueh a
aum of sine waves, or time functions which had eszeiiially Gaussian amplitunde dlsmbutwns. ‘Therefore the types
of describing funcrions of interest are those for step, sinusoidal and Gaussian inputs, All of these describing
functions fall into a category which can be called quasi-linear because they tend to be linear under a fixed set of
conditions, such as given iuputs, yet nonlinear when changes in these conditions are consideisd.

1. Sinusoidal Input Describing Functions

In the sinusoidal input describing function technique, an equivalent linear ciement is derived from
consideration of the harmonic respunse of the nonlinear element to a sinusoidal input at various frequencies and
amplitudes,t As an example consider the case of a simple limiter, having the transfer characteristic shown in

TRANSFER r rle)
CHARACTERISTICS | __ a
$1.OPE 11
i t
Y/
QUTPUT
-A +A
] [] I'(l)

INPUT

Figure S. Transfer Characteristic for Limiting with Typical Output for a Sinusoidal Input.

Fig. 5. In this instance, if the input is i(¢) = A sin wt the output can be writien as a Fourier series

oS
) = bysinwi + "I"-_J ; b, sin mwt {111-3)

where

%[A[zm-l“---— 1- | A] ]+4A\[1- a

t The sinusoida! describing funciion techaique has been rather choroughly exploited in the pust ten years because of its extreme
importance. One of the first teferences to the method is 1o an unpublished 1946 report by Nichols and Kreezer in Greenwood,
Holdam and MacRae, page 354 [36]. QOne of rhe first published applications appears in Tustin [84], Later work following the
sarae general lines was done hy Kochenburger {47}, Johnson [43], McRuct, Halliday and Press [58], and many othets.
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by = é[[—é—-](n sinB cosnB - sinaB cosB)+£cosnB]
7 {ll-n? n
and B = sin'*i- . e

The sinusoidal input describing function is defined, in general, as the ratio of the fundamental of ¢
input, The output fundamental may have a phase shift relative to the input sine wave, theréby giving rise to'both

an amplitude ratio and a phase angle. In the above case for the limiter, the sinusoidal describing functions will

be simply &,/4, while the remnant includes everything else in the output. In this way the actual nonlinear wansfer- - ..
characteristic of Fig. 62 can be replaced by the "‘equivalent'’ linear element plus remnant of Fig, 6b.

i(e) r(f)

#. Actual Nonlinear Transfer Characteristic for Limiting,

?:3,;,,.“‘ sinnwt
i(r) bl_ '74/1 r(t)
7 A i

b. "'Equivalent'’ Linear Characteristic for Limiting.

Figure G,

The *‘amplitude ratio’* and “‘phase angle’’ for the sinusoidal describing function for limiting is shown
in Fig. 7, including those of the output harmonics.t It will be noted that the ''phase angle’’ of the sinusaidal inpur
describing function in this case is zero, This will always he the case when the nonlincatity is dependent only
upon the instantaneous value of the input. The describing function is then a pure gain wlich varies with input
amplitude alone, In general, of course, the sinusoidal input describing function can vary with both the amplitude
and frequency of the input sine wave,

The einuenidal input describing function technique can also be interpreted in a slightly different man-
ner., The input 15 again assumed to be nusoidal. While the output will not be sinusocidal, it can be approximated
by a sinusoidal function with the same frequency as the input bur with a different amplitude and phase. The com-
plete output, r(s), can be expanded into a trigonometric series, i.e.,

(1I1-6)

r(e) = ia,,ei'"

I is now desired to determine the values of @, which give the “"best’ approximation to r(f), where ‘‘best’ is

t The “amplitude ratic’’ of a harmonic to a fundamental is aa arbittary term adopted for convenience in plotting the results. It
completely ignotes the difference in frequency existing between the hammonic and rhe fundamental.
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Figure 7. Amplitude Ratio and Phase Due to Limiting.

defined as the result of minimizing the mean square error of approximation. The mean squate error in approxima-
tion is given, if r(¢) is integrable over the range -r to 7, by

. ki n
@ = & 1= Z apeint| -7
e “n
It cun be shown that € will be a minimum whe
1 m
ap = *z';n},'r(t)c-i"ldl (1H-8)

which is, of cowse, the formula for the familiar Fourier coefficient. Since a; is the complex number describing the
fundamental of the output it can be concluded that the use of this sinusoidal input describing function results in a
particular linear equivaleat which minimizes the mean square difference between the actual and approximate output.

2. Rondom Input Describing Functionst

When the input to a nonlinear clement is random rather chan sinusoidal we can no longer interpret a
describing function in terms of fundamental and harmonic quantities, so this aspect of the sinusoidal describing
function rechnique has lictle carryover into the random input case. On the other hand, an extension of the mean

1 Much of the underiying theory and application of random input describing functions is due to Booton [9, 10, 11,12, 13]. Ref-
erence 12 '« followed closely here.
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square approximation is feasible. For example, if one ussumes, for the moment, that the describing function for
simple nonlincarities which deperd only on the instantancous value of the input is an amplitude dependent pute
gain (as it is in che sinusoidal casc), then the error in approximation of the true outpu: r(t) by the equi walént:. uﬁen
output, Ki(ﬂ will be

) = ()= Kils) _ ey o -

L

and the error squared will be:
ey = [rlo) - Kil}? (H1I-10)

The mean square error can be found by expanding the right hand side and averaging, i.e.,

) = r¥e) - 2Ki(:)£(z)+ K44 {n-11)

a = 1{_'": 3T fri(t)dt

~ tim le[ f Atihar- 2% fr(!)l(t)dt + K1 r.z(:m]
-7

f

- 2Kir + K32 (1n-12)

The desired value o° K is that which minimizes ¢2. Therefore siuce,
o 2h 2Kt (11-13)

then the desired equivalent gain K must be

K =& (111-14)

If both () and (!} arc assumed to be stationaiy random functions of one sort or another, the time aver-
aged quantities in Eq. (I1l-14) can be put into terms of probubility characteristics, Because the functions are sta-
tionary the expected value, or ensemble average, of a stochastic variable of given distribution function will be equal
to the rime average for this variable. For sxample. if X(f) is a random variable having an amplitude distribution

400

defined by the probability distribution p(x), then the mean or expected value of X is defined by E[X1= [ xplx)dx,
-0

When ilie ergodic hypothesis holds, i.e., when ume averages are equal to ensemhle averages, rhis expected value

will be equal to the time average X = 1!-1.":;\}7 fX(l)dl
Now, if g(X} is some arbitrary function of the random variabie X, the expecred vaiuc of g(X} wiii be a
probability-weighted average of the values that g can assume. When x<X<x+dx then, the probability weighted
. average will be g(x) zimes the probability that X lies in the interval between x and x+dx . This will be given ap-
" proximately by di
g Prix < X < x+dx} = glx)plx)dx :

i e N

When integrated over the various values which X can assume, a fundamental theorem is obtained which gives the
expected values of g(X) as

ElgO) = T gle)plds (I11-15)
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wise if the integral existe. The concepts of statianarity and the exgodis:-hypoxhesjs enter int"o_.:hg:pr‘b_ﬁ i
when it is desired to have the expected value, as computed above, equal the time average. -

With the assumption that the ezgodic hypothesis holds, it is now possible. l.o_uﬁc_Esx (lll-1§l
values of the time nverages 7i and it in terms of the probability :.hamctcrssncs.

To find the value of ri, congider that the actual transfer characteristic of the nonlinear clcmem is such
that the output is a single valued symmetncal function of the inpie, i.e.,

o) = flin)] ' (111-16)
Then the arbitrary function of Eq. (11I-15) g(X) is recognized as X/(X), or
Elri} == | xj(x)pix)dx = ri (11-17)

To determine i, the second moment of i, w= can identify i(t) as the random variable X(¢) with probabil-

ity distribution p(x), and thus by definition
E(A = EIXT - [ ©plx)dx = i) (s11-18)

We can now substitute Eq. (111-17) and (1I-18) iuto (11I-14) to obtain the value of the equivalent gain K in terms of
the probalbility diseeihution charscterintic of the input and the transfer characteristics of the nontinear element.

This will be
Sy o
k . Laxit)plo)dx (1m-15;

It should be noted that the only restriction upon the results to this point ure those due to the assumption that a

pure gain was desired as the approximation to the nonlinearity and that the input and output are stationaty processes,

While the value of K given ubove by either Eq. (I1-14) or its equivalent (I1I-19) is the “'best’’ pure number in the
sense that it will pive a minimum mean square error, it is not necessarily the ''best’ linear operator in thut same

sense. This will be discussed mote thoroughly later.

To solidify the discussion leading to this point consider, as an example, the same limiter described
previously, The amplitude of the output is defined by

flx}) = -a for x<-g
== x for —a<x<a

Lz (111-20)

Assume that the amplitude of the input time function has a Gaussian probability distribution given by

2 : ]
e 22 (111-21)

where 02 is the variance. The equivalent gain K will then be given by

v _ f;::xl(x) pxldx [0 -ax p(x)ds + f::,ﬂp(x)dx + [ ax plxYdx
T [Dxpiax 0t
al[ o ple)dx + [Txplx)dx] + [Tx2p(x)dx
- ~
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Substituting the expression for p(x) and performing the indicated integration for the bracketed numerator term,

J B !
b 150
Faae ot [ ﬁ.ﬁ_/g:_._d_x.
i o o\2n

K o : e

a?

Recognizing thar the integrand is un cven function of x and grouping terms,

K:—:':_-_-{“]g)o +_, za'[ d‘]
x valyv'2e Vi ’0 \/50 V2a
Letting *\'[?; =z

. A s _ a_
‘/' 2¢
K o= \—;—:lze"'] to +2[ﬂozze"'d Iﬁae"'dz

: " Ven

The last step, above, is a reverse integration by parts. We can thus write,

K = o2 (11-22)
(7%
whete O is che error function defined by
. 2
Ple) L - (111-23)

r 0

The value of K is plotted versus a. @ in Fig. 8. This particular Gaussian input describing function can be com-
pared directly with that for the sinusoidal describing function to obtain a notion of the similarities of the results
{or this simpie case.

) Having explored the general idea of the statiscical input
. describing funccion for a simple example, it is now necessary to
- generalize the development. Conceprually, the generalization is not
-4 far removed from the fizst case considered -— che major difference is
2 the desire to have the "'best’’ linear equivalent system mther than
. e 7 merely the closest apprvach using a pure pain, If the noalinear
= Y . element is approximated by some linear weighting function 4(r), chen
=4 -10 L_ﬁ» the output r{t) will be appraximated by [__f};(r) it-idi. This is
.12 directly unalogous to the situation described in the lincar cases
discussed prior to Eq. (111-3) except that the 5(7} in this case is che
9 1 2 3 7 “'best’’ linear equivalent weighting function of the general aystem

element rather than being a complete description, If the equivalent

/i . . . . .
4’0 linear system weighting function is to be realizable, then 4(r)=0 for

r<0, so that the approximare ourput wiil he ] “b(r)i(t- Ndr. The

Figure 8. Guussian Inpu Describing errof in appreximation is then

Function for Limiting.

) = ()~ [TH(N)ilt=ndr, >0  (l1-24)

Since a minimum mean squared error is desired, the required b(r) is thos linear quantity which minimizes eXt}, or

) = r,m-_,t:"h(,) i1 o) 412 (HI-25)

Appiication of the calculus of variations to this expression will reveal that it will be a minimun when the weighting
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function A{r) which characterizes the equivalent system satisfies the integra! equarion

Riln) = [“mb(&)Rii(r—u)du, for r>0 w o {IHR26) e e
where R, (1) is the cross-correlation function between input and output, and Riif2) is- the-autocorrelation function of
the input. The results in going from Eq. (111-25) to (If1-26) are independent of the type of input process ifvolveds = 7
Therefore, the weighting function satisfying Eq. (111-26) yields the “'hest’’ lincar approximation to the. actual output, - -
in the wean-square difference seuse, under quite genetal conditions. At this juncture this general property may
appear to be rather innocucus, bue it is a valuable item of background information,

Vhile the desired answer to Eq. (I1I-25) is given in Eq, (III-26), the details of the development will now
considered as an aside. This is lacgely an academic exercise added for completeness, so the reader may
skip over it if he desites, Using the absoluic value of the error squared, we can obtain the following directly
from Eq. (111-24), where ()* is the complex conjugate of ().

I

)l - el e*n) \
= [re) - [:’ bryile—ndn {r*(1) - I:" ) i*(1 1) dr] 11

= ()0 - r() [TBHY M- Pdr < MO A i) dr

+ [: dr{b*(r) i*( - 1)] f:du [hlu) ie-u)] (1-27) ‘1
"l'aking the mean square,
‘;(-;)—iz : T[:,'L, “%r{[;r(z)r’(l)a't- j_;r(t}{f:'h*(r}i’(r ryd:\d: (111-28)

- fprmie) o bV i(e-rydrlde + [ fT TR Y=Y ] ,’o' B it u) du) d,}
By noting the functional dependence of various terms (e.g., b*(r)i*(¢-r) is not a function of ¥ and so may be
included undes the sccond integral of the iast term), interchanging the order uf integiuiiu in places and
using appropriate bars to indicate the averaging process,
)P = )= = [h* D ir(e) =) - b dr [P (Vi "))
+[dr bl b(w) du (70— 1 it~ 2)) (11-29)
0 “Tho

The symbolism can be simplifizd by noting that the barred expressions on the right are autocorrelation and
cross-cortelation functions, i.e., the autocorreiutions of the respanse and input arc respectively:

Rolf) = A0%elen) = Jim L T e it e
T00 27 0T

Ruld = T iUen) = Jim L (oTiom e ar (111-30)

and the cross-correlation funcrions are,

Reitr) = rVegern) = Him L (T ) dea

T ‘
Ritn) = i{i¥%elier) = 1!:1 i%.;jii(i)’:(ti-u’)dl (1-31) _:
Substituting these into the above expression for |dr)|? and since Ry (r)= RA(-), and R, (0)= x? Yo
IOF = Rop(0) - [5*0) R, () dr - [ B R r)dr .

+ [ [ du b ba) Ryl -u) S au32) ;

Eq. (1I-32) gives the mean square error in terms of the auto and cross correlations of the input and output
time functions and the equivalent linear weighting function. The next part of the problem is to find the mini=
mum value of |r(z)[1 with respeet to b{r). Looking at Fq, (II-32) it becomes apparent that the usual wethod of
differentiating to find extreme values is not applicable here because:
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(1} 5*() is oot differentiable with respect to b{r).
(2) The unknown functien, b{r), appears under the definite integral sign.

We must therefore take recourse to the calculus of variations, The general proceduse is simple ennugh and .
will be cutlined below. . . .
Given the integral | = ];'F[y(x)] dx, one desires ta determine the function y(x) which will make A_gum-

mum. To do this, take a function y,(x) which is peesumed to be ¢lose to ¥{x), se that
¥ ) = yley+Azlx) ) o o —

where A is a small quantity and z(x) is some arbitrary function of x with a continuous derivative in the interval
xo= X £ %, The neighboring function yf{x) can then be substituted into the integral. The integral is then a
function of A and the minimum value of /(A), if y(x) (which equals y|(x) when A is zero) is to be the function
which makes I(A) & minimum, will be given by the condition

a1
Y e 0 |

Applying this to Eq. (I1I-32), the weighting function b(r) will be set equal to w(r) + Az(r), where w(?) is the
optimum weighting function, A is the small multiplier, and z(r} is the arbitrary function. Eq.(H1-32) then
becomes R

le()? = R,.(0)~ fom[w‘(r) +Aaz(nl R"(r)dr-[:[w(') +Az) RN dr
+ [ [ dulw* (7 + Az @) w(u) +A 2] Ryl ~u) (11-33) :

Differentiating Fq.(111-33) with respect to A, and setting the expression obtained equal to zero, end then
setting A-0 we obtain

;;‘L*mu,,(r)du;;"z(rm;;(n.rmr [':drl(:flup“—l_'-u)[?(u)m*(')+ wi) 2%(H) - 0 (N-34)

Now R,,(r-u) is an autocorcelation function, and therefore an even funciion which can be expressed as
R, (r}:- R¥_r), even though the vonjngate of R;, is just R,;. Therefore, integrals of the form:

fowdrI:du R (r~u)z(u)w*(7) . ]:drf:du R (u - ) z(rhw* (e

= f:z(r)drf:w‘(u) RMr-wdu (11-35)
Then, Eq.(111-34) will wke the form,

}ouz*(r)dr[R.,(r)—~]:"R.—g(r—u) wlu) dul +[o°‘°z(r)dr(R.‘,‘(7) —I:iR.‘.'(Y—u)w‘(u)du] =0  (ll-36)
Now, if U is defined as
U = [z0dr IR ~ TR - w) wlu)du
then Eq.(l11-50) has the torm
U+U* == G (111-37)

If U were a pure imaginary it could satisty Eq. (1II-57), but since U is a function of z(7), which is completely
arbitrary, then U must be arbitrary. It follows, thecefore, that U must be zero. Then

foe e (R - FRur -] - 0 (111-38)

or, since z(r) is arbitrary,

i

R.‘Af)—f;mR.-,-(f~u)w(u)a'u =0 for r2J (111-39)

Finally, teplacing w{z) by #(x), with the same definition as the 'best’’ weighting function,

R.(7) = ["blu) Ryt -u)du (111-40)

which is the same as Eq.(II[-20), the previousiy given answer.
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Retutuing to the main argument, we can compare, for the case of the simple nonlineasity prevnonsly
considered, the resule of the use of this general linearization with the resule obtained for th& puré-gain pxevm _.Z_.. .
assumed, For a pure gain to be the best linear approximation jn this case tequires

Ri{r) = KRyln

If the input were a ‘ne wave, Eq. (11-41) would be valid; e.g., the sinusoidal desciibing funclion for 'limiting' has
already been shown to  ~ a pure gain. Alse, since a Gaussian process can be thought of s being the equivalent -
of a signal consisting of an infinite number of sinusoids of random amplitudes, different freqiencies, and random
phases, Eq. (I1I-41) will also be valid for inputs with Gaussian amplitude distributivns. For other inputs with dif-
fetent amplirude distributions, Eq. (I11-41) will generally not hold, and the best linear approximation may be fre-
quency sensitive. In any event, it is comforting that Gaussian input describing functions for simple nonlinearities
will be amplitude, i.e., variance, sensitive pure gains, and that a strong conceptual tic exists between the simple
sinusoidal describing function and the more complex one with Gaussian inputs. In particular it is important to note
that Gaussian input describing functions for simple nonlineatities can be readily derived from Eq. (I11-19), which is
repeated below in its proper form for Gaussian inputs.

_ LaxfWptlds  (Zxftede T

Y = I11-42
o X o(x)dx Vno® ¢ )

For compiex nonlinearities, Eq.(11I-26) permits a direct approach to the determination of the '‘best”’
CGauvssian inpor decceibing function It daes ant, however, provide a complaraly happy enading. A major problem
still exists in the determination of the cross-correlation and autocorrelation functions. In all but a faw special
cases the cross-correlation is most casily obtained experimentally, Here one comes to the real value of the statis-
tical input describing function since it adds a final piece of information to a wide body of theory upon which an
exuemely valuable technique for system’s evaluation can be based. The general concepee of chis method will be
discussed in a succeeding sub-section,

Finally, it should he noted that all of the preceding discussior, for both sinusoidal and random input
describing functions, has been on the equivalent linearization of a general system containing nonlinearities, where
the inputs to the nonlincar elements have been known, When the quasi-lineatization technique is applied to a
control system employing fecdback, the situation is complicated by the fact that the input to the nonlinear element
also depends upon its response. To determine the equivalent linear transfer function then requites a knowledge of
the probobility density function of the actual input to the nonlinearity, and not merely that of the system forcing
function, This can lead to a difficule situation. Although a general situation can be very difficult to analyze,
consldemble simplification is often posslble for Hoth the sinusoidal and Gaussian input describing functions. This
irdus to ebe beppy Cliwmstunce tha in o Hueor system haviee eirh=r 2 ~inusoidal or Gaussian inpw all the oiher
signals in the system are also smusmdal or GGaussian. If a nonlinearity exists in the system, the sinusoidal or
Gaussian nature of the signals is destroyed, but due to the low-pass nature of most control systems the input to the
nonlinearity may still be approximately sinusoidal or Gaussian. Therefore, the application of these types of quasi-
linearized describing functions is often valid, even when the nonlincarity is strong.

fehiini

3. The Stop laput Descsibing Functlon

Essentially the same notions previously applied ro the cases of sinusoidal und random appearing inputs
can be applied to the case when transient inputs are applied.t Here again one uses the fundamental principle that
the quasi-linear representation of the system must be based upon its actual inpur, or one which appiczimates the
actua! input as closely as possible. In the present report, the most important transient describing function is that
for step inputs, so it will be the only one discussed in detail,

In the case of the sinusoidal and Gaussian input desctibing functions we can deal faifly exclusively
with single elements rather than with closed loop systems since, in both cases, all of the signals in a linear system

t Much of the early wotk on transient input desciibing functions is due to Chen[15].
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control system does have such a translent descnbmg function, To xllustrate “these xdea- nnd b,&;enetal method of
obtaining rransient input describing functions, consider the system of ¥ig. 9. Here a step function is applied'to.a’
closed loop system consisting of a limiter and » pure integration,

i(t) ) r(e)

CRES

Figure 9. Block Diagram of a Simple Feedhack Systcm Containing u Limitcr.

If the input, i{t), is a step function of magnitude n, where n is greater than unity, then the limiter out-
put immediately following ¢ = 0 will be unity and r(2) will be equal to K until a iime ¢ equal to (n—-1}/K. Therefore
!
n c(o)
| n =Kt

er) Lo I
o ! o el?) I / c(n - l&_‘

TTalVK 1a /‘ oK ta

Figees 10. Limiter with Actual Input and Output.

hetween the times given by 0<t <(rn-1)/K, the actual input to the nonlinear element is ¢(t) = n-K¢. This can be
cons idered to be the proper signal to use as a '‘test’’ of the limiter to determine its output, as shown in Fig. 10.
The limiter can then be replaced by an equivalent linear element and an additional input, of remnant, signal. This
is shown in Fig. 11, where the lincarized transfer characteristic of the limiter is its gain in the unlimited region
(unity) and the remnant signal, a(?), accounts for the diserepancy when the limiter operates in the saturated region. oo
The remnant signal, a{t), can be put into a form detivable from the input directly, as shown in Fig. 12. The transfer
function giving alt) from the input, i(r), will be called Y,(s), and can be seen to be given by:

PR
S RO

wH S

-1
n-1 KX -
=l Al K .
52 l-¢ ] n-1 K _(n s
LA f, S = —— a—|lae K
n/s n ns

Ys) = (I11-43)

One can now replace the nonlinear element by its equivalent linearized hlocks, as shown in Fig. 13. Finally, this
block diagram can be manipulated to give the equivalent block diagram of Fig. 14. This is the effective linearized
system, and shows rather nicely several interesting aspects of nonlinear systems, First, it is noticed thar the
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Figure 11. Equivalent Limiter Consisting of Describing Function and Remnant,
T’(S)
Y.(s)
n j §
. als) .
els) .
1 0
(r-1/K ¢ Cls) (a-1/K ¢
Figwe 12, Equivalent Limiter with Remnant Derived from a Linear Operation on the Input,
‘l(s) )
Y(s) _
1ts) . - ® Cls) K R(s)
~ s '
g
— q
i
Figure 13. Equivalent Block Diagram of System with Limites. §
i
T
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cffects of the nonlinearity in this case can be appraximated by inserting a particular linear network outside the
closed loop. Second, it is observed that the characieristics of this linear transfer function are functiong of bk
the input, n, and che characteristics of the system, in this case K. In easence, the effect of the nonlinégzity has

I(s) 1 !SS 1-Y,(s) _R(s)
R(s) K ve .
. , , ) "—(3—)' - s+K[1—‘u\s)]

Figure 14 Modified Equivalent Block Dingrum of System with Limiter.

been represented by a closed Joop linear system operating into a linearized transfer chasacteristic which depends
upon the nonlinear element, the input, and system parameters. In general, this sort of representation will always
be possible with systems having single, simple, piecewise-linear elements within the loop, It can often be applied
when more than one nonlinear eloment is present, though the complexity in applying the method increases rapidly
with the nunuber of nonlincar clements. The fundamental problem in the method is involved in finding the transfer
function, Y {s), which relates the output of the lincarized closed loop system to the acoual approximate output, i.e.,
that element which gives an “'equivalent’’ cifect of the noclinzarity,

When the nonlinearity is o complex one such as hysteresis, backlash, etc., but cau still Le represenied
by piecewise-linear characteristics, the problem of a quasi-lineatization is much more difficult. Also, in these
cases the cffect of the nonlineatity cannot, in general, be taken care of by a block externinl to the closed loop.

C. THE MEASUREMENT OF GENERAL SYSTEM QUASI-LINEAR DESCRIBING CHARACTERISTICS

A primary intent of the last section was to develop general notions about describing functions so that
they could be used as fundamental techniques in che description of the human operator for a restricted and apecific
set of conditions. Py utilizing these concepts we van often preserve to some cxtent the simplicity of linear medels
without serious sacrifice of accuracy in describing the system characteristics.

As a design tool the sinusoidal input describing function technique has great application in estimating
stability with known nonlinear clemencs and in interpreting harmonic response results, The statistical input de-
scribing functions have great value as indicators of performance in situations wheze the general tvpes of inpurs are
statistical in nature. But perhaps the greatest merit of statistical input describing functions lies in the fact that
they provide a fairly firm theorctical edifice for the measurement and equivalent lincarization of quite general sys-
tems which may incorporate components having unknown characteristics. As examples of such systems one could
include things as complex as the ecenomic system and as simple as an optimalizing positional servo. Another
excellent example is the problem considered in chis report — that of characterizing the dynamics of human operatcrs
in various tracking tasks.

Having noted the general usefulness of the describing function as a basis of measurement, i now be»
comes necessaty to develop an abbteviated body of theosy upon which to proceed. In the present instance, the
chief concern is that of measuring human operator characteristics while operating in a closed loop task with random
appearing inputs, The random appearing inputs used in the fundamental measurements have been either several
non-harmonically related sine waves or functions having Gaussian amplitude distributions. The following formula-
tion is general enough to apply to either.

Before proceeding with the detailed development of the quantities important in measurement, it is de-
sirable to make some comuents about the general form in which these resules should be obtained, Most of the
deveiopment discussed to this point has been in terms of rime functions, i.c., auto and cross-correlation functions,
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weighting functions, etc. Much of this has been for analytical convenience and to enable the reader to refer easily
to the referenced sources. All of the results obtained in terms of time functions can be iaterpreted equally well in
the transform domain, since all of the functions concerned can be considered to have Fouriér transforms,” Foreus
ample, the Fourier transform of the autecorrelation and cross-correlation functions are che power specteal density .-
and cross-spectral density, i.e., the spectral density, ¥ {w), is .. e '

Ol = 2[ZRi(ne T dr
and che cross-spectral density, $,{(jw) is
b jw) — ZL:R."(')C'mdf

Just as the comelation fuuctions aie defined in terms of the time signals, the spectra are defined in terms of the
Fourier transforms of the time signals. If I{jw) and R(jw) are the Fourier transforms of i(t) and r{¢), then the spec-
tral density @;; is R o

e = fim S UGy en = Jim 2 lGe)l

and the cross spectrum, ¥,(jo) is

2 ~ Jim Lusjorrga

Because of this duality between the time and frequency domains, we could conceivably take our mea-
surements using either type of function.t As an aid in deciding which type to use, we can consider thrce aspects
of the problem. These are:

(1) The desited form of the end result,
(2) The relative difficulty of data reduction,
(3) The adeauacy of the data in a reduced form,

The answer to the lirst item s siraightforwatd whep part of the final result is to be either a transfer tunceion or a
weighting function wrich is to be further analyzed and interpreted. While these two functions arc transforms of one
another, the u.usfer function is by far the ensiest to manipulate. When the simple practical advantages of Bode
plots are also considered, particularly in terms of one's ability to curve-fit such diagrams, the transfer function is
qaits definitely the preferred form.

Regarding the second item, the technique chosen for effecting cthe data analysis, and the amount of
computation noise which is tolerable determine che decision, Thus, if one is in o position to use analog filter
techniques on the data, th calculation of spectra is indicated since frequency analysis is x seraightforward ana-
logue ¢omputation, whereas the computation of iagged products is somewhat more difficult, If one is able to use
high speed digital machines, and these machines ate reasonable for the problem involved, there is little to choos=e

+ computationally between a frequency or a time domain descriprion of the data, Although procedurally the computa-
tion of correlations would precede the computation of spectra on such machines, the added machine manipulations
do not constitute a substantial argument. Perhaps the only computational excuse for not computing spectra would
arise when individual desk calculaiors were being used 1o reduce the Jata. In such a primitive cxample, the added
labor burden might argue against transforming the correlations. This situation is, however, quite remate,

The thitd item is the real clincher for the outright reduction of data into spectral form, In any measure-
ment program involving complex operations it is extremely desirable to have some notion of the adequacy of the
results. The defining equations for correlations and spectra involve time averages over intervals which in the

t This duslity exists precisely only for the compiete integtals. in the practical case, vth linire limits on the integrals and re-
stricted amounts of data, it is probably wise to compute directly the guantiry ultimate]  -sired, This avoids, to some extens
[n least, “the twin dangets of cascaded mathematical approximation and complex propagation of statisticel fluccuations.”
Tukey, 80.]
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limit approach infinity, Clearly then any empirical data must be interpreted as estimates of the true values of the
desired quantities. Although the theory for sampling errors in corselation functions tesults in cumbersome formula-
, 37, 38, 65, 75, 80, 81} have develnped st;a;gbxferwa:d techniques for ggSigning

tions, Tukey and others [4,8

For these reasons, we can conclude that thc use of the specreal fom of the dan is preferable, at least

ments ate pxes:ntly nearmg complcnon.?

ac the preseat time. The follawing developments chersfore use spectral ¢

The fundamental control situation to be considered is illustrated in Fig. 15, where a compensatory
system is used for simplicity. In this block diagram, the action of the hunan is represented by the weighting func-
tion, y,(r), which operates on the error, and a remnane, n.(f). The input o the operator is the error, €(t), and he

" T Addirionai Guantiy (0 |

Additional Quantity n,(t)

® |
Ne |
|

I () OR C

crms almost euiirely.

i Injected by
l the Operatar
A0 l w7}
OR WEIGHTING FUNCTION
W okl + P
Q- on
FORCING Y ERROR |
PUNCTION Yoljw)

TRANSFER FUNCTION

HUMAN OPERATOR

l
| orenror |

yelr) or Yelje)

CONTROLLED
ELEMENT

r(t) OR R

Figure 15. Block Diagram Showing Human Operator in Continuous Control Task.

controls the conrrolled element which includes the dynamics of everything, other than the operator, that is present
in che loop. In the problem at hand the task is to find che characteristics of the operator, i.e., yir) and n(¢), or
some closely related quantitiec from measusrements made from observable signals in the loop. The various signals
concerned are recapitulated beiow, both as time functions and as their ttansforms. So that the various time funce
tions may be considered to have Fourier transforms it should be understood that the time function used in the trans-
form is identical to the actual time function in the intervals ~-T<t<T, and is zero elsewhere. That is, the Fourier

transform of a typical signal, /(t), will be used as,

F(]w) ==

On this basis all of the signals in the loop have Fourier transforms. The principal notation to be used is summa-

tized below.

ey e Rt

where:

1) = hle);

=TT

{(t) = 0 elsewhere

* See alno Secting YI-D-3 for a more extensive discussivn of thesc points.
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Quantity

System Forcing Function

Error Signal of the System; Input to the Operator .......

Operator Ourput

System Outpur Response
Remnant at the Operator's Output ...
Operator's Weighting and Describing Functions ..........

Controlled Element Weighting and Transfer Functions

Time Function _ Fawrier Transfotm

it)
«{t)
: c.(>t‘)
()
n(t) Nfjw) or N.
k7 Y(jw) o ¥,
ye{r) Y.(jw) or ¥,

1. Determination of the Open Loop Describing Functien, Y,

From the block diagram it is apparent that the operator’s output is given by

C =Y,E«N,
and the error is given by
oo feR = 1=-Y%C 1= Y%+ N)

so that
C

i

Y- Y.C)+ N,
or
C+ YY) = Yal+N,

so that tive operator's output becomes

Yol+ N,
A

whirh in tha racnle Pl“‘!l-‘.‘.‘.ly git_:cn in Eq. (I-1), Simﬂagl!"

E o I=icie

B TEAA

Py

(1i1-45)

(111-46)
(111-47)

(111-48)

(111-49)

(111-50)

The cross-spectral density functions @;. and ®;¢ can be found as follows,

o, = dim Lisey = dim Lig)cGanl

700 T = Taw T

T T {1+ L7, 1+ %%

lim 1,

The quantity, o . T

(1*1) is recogaized as the power spectral densi

lim 1,
Fos0 T

lim L [l”’“"‘] ] - [ ! ][1;.1"" 1(1*1)+,’i’;.—;(~,l*)] an-s1)

T4 T

ty of the forcing function, ®;{w). The quantity

(N.I*) is similarly recognized as the cross spectral density between the forcing function and the remnant,

Qi,,t(jcu). This cross spectrum is zero, since by definition N, has no linear coherence with the forcing function f.

Then Eq.(lll-51) becomes
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Qi = m‘l’“ (in-52) =§
R
Similacly, it can be shown that the cross spectral density. between ti'~ error and the input is ‘ :
- . L L L : iz
Bie = PSAA A2 o (111-53)
Coasequently, the open loop describing function Y, is given by
q’ic
Y, = .5.: (111-54)
2, The Spectral Density of the Remnant
In most instances the value of the cpen loop injected remnant, N, as a Fourier transform is not a par-
ticulatly important piece of information. On the other hand, the spectral density of N, is often an extremely valuable
“‘property’’ of un equivalent linear system. To find this quantity we can form the operator output power spectral
density, noting, as before, that the forcing function-remnant cross spectra are zero,
*
: : . Yol+ N, Yol + N
O, = Jim Licscy = fim l"”—‘} ["——-]
= Tl T T Ty, ) {1y,
% [fim 1 1 (Ytim 1
" NV lim Lgya, A lim 1
ovr Fm U |I : YCYJ fim L (ien)
v P 1P
m.:’;t b+ T;—erL! ¢,,,.t_ (11-55)
In most cases it is easiest to measure the votal outpue power in terms of that portion linearly coherent with the
forcing function (the first term above) and a remainder or ‘‘closed loop’ remnant. Since Y,A1+Y.Y,) is recognized
as a closed loop describing function, H, and defining |1/(1+1',,Y¢')|z¢,.,,t as the closed loop remnant spectral density
.., we can write Eq. (I11-55) as
o, = IHI*0,;+ @, (111:56)
The possible sources and points of injection of the actual quantities composing the closed loop remnant will be
discussed later. For the present, the term ®n, is preferred since it represents, witi:ct regard to origin, the total
portion of the operator's output power which iz not linearly coherent with the input,
3. Power Spectra of the Error and the Mean Squared Eeror
The power spectral density of the error can be found in sevezal forms, The most obvious is simply
0. — limLliegy L umll"_:ﬂ '[i_f,:vc]‘ :
€ T JaeT it T TaewT 1+ VJ} 1+ Yeyp ] .»
——l—-r“"‘ Loy 2 tim L van) e
14 VY| ToeeT 14 Y, Y| ToeeT ¢ g
which, in terms of the closed loop transfer fuaction, is §
) g
H i
Bee = ILY% L AL (111-58) i
’ ;
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An equivalent expression can be found from considering Eq, (1146}, In this instance

B, = ’"ﬂ’(em) ,’1",;;[(1 YC)‘U-YC)]

,':".'.,‘rw*o yCH - e nlicen

— &, 2Real (V.0 ' (111-59)

A commun performance parameter in many systems is the mean squared error. By definition, the mean
syuared error is given by

ay — ,11';',2—,—. Ll d = R (0) (111-60)
This is related to the spectral density of the error by the expression
A = [P = [ Deladde 61y
The mean squared error could then be found either by inserting (I1I-38) or (111-59) into (11I-61). Oftentimes the ratio

of the mean squared =rror to the mean square forcing functicn is an interesting measure of system performance.
This quantity will be, using equations (111-59) and (il1-61),

T PN O AN df ~2Re [CYANGd] ‘
.. ) B C 2 (11162 i

[Fulf) df H [ ound |

The Definition of the ''Linear Corrslation®’ and the Signai vo Noise Rativ

In general, one tends to have the most ronfidence in the describing function technique when the quasi-
lincar transfer Function, by itself, provides an adequate representation of the system, i.e., when the remnant term is
relatively small, In practice this means that if the semuant is snall, the analyst can ignote its effect. When the
remnant is large, ugly suspicion will arise that some important nonlincar effects may be occurting, and the analyst
is then forced intc the often difficule task of trying to explain the source of the remnant on a basis consistent with
the initial assumptions of quasi-linearity. If this process meets with little success, as would occur whea the
temnant was large and strungly correlated in a nonlinear fashion with the forcing function, the only recourse is to
abandon the describing function concept and atterpt to deizrmine nonlinear approximations tor the syscem,

In any event, it is desirable to have a means of relating the amount of linearly correlated output to
twtal output. This fraction, called the linear correlation, ran he found directly from Eq, (111-56). The fraction of
the linearly correlated outpwt power spectrum to the tota! ourput power spectrum is the square of the linear correla-
tion, p, and is given by

i &y .

rF= e, T, (11-63)
If one prefers to think in terms of a signal to noise ratio, then since
o o
o = P (11-64)
€c
" the output signal to noise power ratio will he
2 2
WISy WDl o (1165}

Qﬂn B ch ¢M N I_Pz
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The linear correlation c2n-also be found ii terms of the cmss-corxelauon function betwern the foxcmg
function and operator output, since, by Eq. (H1I-52}, -

% % @ SURTI gt B
% = qyyte o Gyy =f=g - . . Wk
Then .
- 'le u = ‘Dle@xc& _ |d’i¢:|z {H-67)
d.. @2 P, ;i O
or
1.l

S 111
P e (111-68)

In praciice, Eq. (11I-68) is uscd to find p, which is hen normally used to compute the closed loop remnant @4y,

5. The Possible Sources of the Remnant Term

That portion of the operator’s output which is not linearly coherent wiath the forcing function can often
be a large and significant portion of the operator description, From an experimental point of view the total remnant,
due o all sources, is conveniently lumped in the term @qn, which we have previously called the closed loop remnant
at the operator’s output. Irum the standpoint of the analyst, the possible underlying soutces of this remnant are
extremely important, so some discussion of these is necessary here,

Fundamentally, the remnant, @a,, is the power spectral density of all of the oprrator's vutput which is
met linearly cohcrene with the forcing funcdion, i.e., which cannot be “wxplained’’ as the result of a lincar operation
on the system input by the acrion ot the operator. 1herefore, 1n a givea snuation, components of ¥, could result
from the following sources:

o. Operator Responses to Other Inpauts — Operator responses to inpws other
than the supposed system forcing funcrion could exist in two categories,

(1) The result of a lincur vperation by the operator on thess other inputs.
{2) The sesulc of nonlinear operation on these inputs.

b. Nonlinear Transfer Behavior — Nonlinear operation by the operator on the
forcing function. The portion of the remnant due to this source would be coherent
with the forcing function by some nonlinear correlation.

¢. Infection of Noise Into the Loop— lnjection of *'uoise” into the loop which is
completely uncorrelated with the furcing function, ise., is unexplained by any
lineat or nonlinear correlation., This noise could be injected at any place within
the operator's ""block’’ in the system block diagram, though it is usually most
convenient to consider it as being lumped at the input and/or the output of the
block representing the linear operation of the operator.

d. Nonsteady Bebavior of the Operator —— The variation, during a measurcment
tun, of the operator’s linear transfer chazacteristics. Dy necessity, the describing
function is found experimentally by the use of faitly long runs, e.g., two to four
minutes. In particulac portions of these runs the operator may be responding in
one linear fashion which is changed to various other linear modes of behavior
duging other portions of the rua, The measured describing function is, of course,
a particular kind of ‘‘average’’ of all these characteristics, aid hence cannot
“explain’ all of the actual outpw power. This type of behavior has sometimes
been called “'nonstationary’’ operation of the operator, but in this report it will
be called “‘nonsteady’' behavior to avoid confusion with the term nonstationary
as applied to time series.

Each of the above sources, with the exception of item a(1), will be considered in more detail in the
following discussion.
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a, Operator Response to Other Inputs
To see the general effects of an additional input on the remnant term consider the twe ‘block diagrams
of Fig,16. In the single input system of Fig.16a the spectral density-of the opcrator’s oriput, ¥ccs is given by - =7

Y, |? .
—L 1. 4
L+Y¥ "

2 : ST :
-q’nnc - AL : "(lll:69.),_.~:__.._' Tl

!D“. =

1
I+ %Y,

HUMAN OPERATOR

k.

a. Single Input System.

__—-—1
v
Y’l l i Y"«
|
| e
’ | = ' r,
@A | "
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b. Double Input System.

Figuce 16.

In the double input system of Fig.164, for which /; and /; ate independent, the spectrai density of the aperator’s
output is

b/
< 4’:‘:‘, +

- I i
gl ESAZTAA Mo [EYA

D, (g-70)

o‘t

When the measurements are taken on a system such as that in Fig. 16k, but the assumption is made that the system
configuration is that of Fig, 16a (which might be done because the existence of the second input, ®y,. is not known),
the observed remnants and linear correlation would be
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The actual remnant and linear correlation of the twoeinput system would be, of course,

1 2
0vm“t = i'+ );,. K‘." Y;’?;i @i.llc
2 (1% P dy, + 1, P 0y
A, = | 1 P ".q, pe ".] (.72
ISR AATAS e
The ratios of actual to observed remnants and linear correlations are then

o &, |
Mo 1+1%, -P'cp—"l" :

Agce AR

T

& - 1 I}p.i 1Y 1[1.73) }
Pobs \ o AL ( |

From Fq. (I1I-73) it can be scen readily that the operator’s apparent remnant could be higher and the linear correla-
tion lower if all the inputs wese not taken into proper account, While this statement is aimost a truiam, impraper
consideration of all inputs, nunetheless, vepreseate an imporeant soutce of an observed remnant.

b. Nonlinear Transfer Behavios

With sinusoidal forcing funceions the existence of noniinear transfer characteristics would require
harmonics in the output. When the forcing function is Gaussian, an analogous phenomena will occur, with the
remnant containing power at all harmonics of the random amplitude and phase sinusoids which can be thought of us
making up the Gaussian forcing function. This means that one necessary condition for the existence of nonlinear
transfer characteristics is remnant power at frequencies other than those represented at substantial power levels
in the forcing function spectrum. However, the mere existence of considerable remnant power outside the effective
bandwidth of the forcing function is not a sufficient condition for the existence of nonlinear behavior in the trans-
ter characteristic, since injected noise can lead to the same resule,

A necessary amd sullicient condition for nonlinear transfer behavior is prerent when the describing
function is dependent upon forcing function amplitude. This possibility may be readily checked experimentally by
using more than one amplitude for the forcing function (at equivalent spectrum shapes and bandwidchs).

If the describing function for a given forcing funciion shape and bandwidth does have a distinct ampli-
tude dependence, thca the next step is an attempt to ssolate the prabable causcs. This process is essentially one
of decomposition of the describing function parameters into those that are dependent on the inpus amplirude and
those that are pot, Further examination of the amplitude dependent parameter will then often lead fairly ditectly
to the possibie source. For example, if one had a measured transfer funceion having an approximate analytical
model Klo}/(Tys 11), and plotting K(o) versus o resulted in a plot that looked similar to Fig. 8, then one would sus-
pect that a limiter was present. This type of detective work can often be used quite successfuily, but one should
remember that the validity of the procedure depends upon the assumption that the element inpur signal is essentialiy
Gaussian (if the forcing function is Gaussian).

¢. Injection of Neise Inte the Loop

A portion of the remnant may resule from the injection into the loop, by the operator, of an extransous
signal uncorrelated with the forcing function signal. Its point of poincs of injection could be almost anywhere
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i.e., an input and an output, the experimenter ¢ can measure ox_ljy he ffen..ts“ of t.he
The exact locations and forms of components of this overall signil. -
mental techniques based only upon this type of:two terpinal rodels. pre,vst,_st
suitable. models, based - -upon. other data and xcasonable assumptxons, might!fef;’n_ltiin-a‘ K

measured closed loop remnant data ard transcribe it into equivalent open loop datn. This is gc.u.-mlly done assuming
chat all of the $pp term is due to the injeciion of an extrancous signal at a parcicular pointin the control loop. For
exampie, if all of the closed losp @y, is assumed to be due to noise injected by the operator ar his outpur, then the
pow er speci tal density of this open loop output noise will be {see discussion preceding Eq. (H1-56))

N }AK
nn, = i1+5YF D, = ":’Pq, (111-74)

On the other hand, if all of the closed loop @y, is assumed to come from noise injected by the operator at his input,
then the power spectral density of this open loop operator input noise will be

1 +ngcl2 O
an

T = THPR (111-75)
p

¢, =

Ang 7

1f the operator's transfer block is broken down into a more detailed block diagrum, other sources could alse be
considered in a siwilar fashion.

Once the remnant term is placed in cne of these open loop forms e analyst can attempt to derive some
model which appears to fit the data. This is a powerfnl technique in many cases, and can often lead to considerable
insight into what may actually be occuring in the systen,

d. Nonsteady Behavior of the Operator

During any measurement run we would expect the operator to vary his transfer characteristics to some
extent, and this variation of transfer characteristics will have a distincr influence on the operator’s output power.
In other wordd, we would eapect the actual system linvar trunsfer characteristic te be given by some system funce
tion H(jw; ) instead of simply H(jw). This possibility immediately brings up two important problems,

{i) If the system function is time varying, i.e., glven by H{jw;¢) instead of H{jm},
what is the output power spectral density?, and

(1) What portion of the output specttal density of (i) is linearly coheren wish the
{uiciug function, i.e,, capable of being ‘explained’’ by some transfer characteristic
derived from a cross-correlation measurement?

If part of the output power of item (i) is not '‘lineatly’’ coherent with the forcing function, in the sense mentioned
above, then that portion is a poasible source of remrant power.

Looking at the second question first, the operator’s output, c(¢), is given by
<) = FHGw; ) {jw)) (I-76)

As written, Eq.(I1I-76) is obviously linear, though the cquivalent differential equation would have time varying
coefficients. The reader could quite logically comment that any output power due to the transfer characteristic
H{jw; t) would be ‘‘linearly coherent’ with the input, since H(jw;t) is a linear operator. In the sense used here,
however, linear coherence refers to that portion of the output given by the operation, upon the forcing function, of
a uansfer characteristic derived from cross-correlation measurements. From this point of view it is not obvious
that ali of the output power due to aperation upon the input by a linear system function H(jow; ) will be linearly
coherent with the input. Exploring this further, the forcing function-operator output ctoss correlation is

WADC TR 56-524 40

4 s W B (B Y £ AT UL L

(PN




LR L R

1047

Lop T TR O SA-A ALY L

Run = }1’15? [lielenat

= i L (:)lw-'ln(;.». ) l(jm)ldc

1
fin ke a7l e )[211 =W m)rom)-w‘dw]d:

To apply this result directly to our problem, we shall assume that the describing function varies about
some average value during a run, thezeby becoming a time varying describing function, If we assume that the time
variation is separable from an ‘average’’ transfer churacteristic, which is a frequency function only, then

Hjo;1) = Hfju)+AH(t) and HGwit+r) = Hfje) +AH(t+r) .

Equation (Il-77) chen becomes,

Bifr) = 1’-_',':’° 21.1. i(2) [2 f Hyljo) jw) el“"dm]dl r ,!_"’:‘0 2{’. rT :(t)l 7 f AH{t+7) I(jw) c-'“'dm]dl (111-78)

Consider only the second term on the cight hand side of Eq. (I1I-78). This becomes
-,-_2, "T[ Tr(t;l_\ri\t+r)[ [e I(,w)c’“d.e]d! - [’,’;’o-;-,:r- CiHNAH(te ) {U1.79)
or, alternatively,

o 1) r’:';:,2T}_,x(z)AH(:+,)emm]dm

= 2n -0
In examining these integrals, each of which is the time-varying portion of the cross-correlation, thete are two
interesting cases to consider.

Case 1: AH(t) is an analytic function. AH(i+1) can then be expanded into a Taylor’s series as
AH(+r) = AH()+tAH()+ £ AH'(r) + AH"(r) +e

*0
- 3,50 s

Substitwting Eq. (IIT- 80) inte Eq. (II[-79), we can obtain,

14d AH()IJ,..,

n i3 ! .
m w de T+ 3T r (‘)“‘] (I1-81;

Since ,“gz—r ,.x’(t) dt is a constant, the limit and integral enclosed in the brackets of Eq. (III-81) will (if no further
restrictions are placed upon the functions),

a. diverge if n>0

b. be equal oo} if n=0

The instance for n>0 is the important case since for n =0 there is no time variation in the transfer function, Because
we alweys have finite run iengths, however, the term in brackets will generally have a finite value, giviog, rise to a
measured cross-correlation function which is time varying and depeadent upon run length,
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Case 21 AH(¢) is a random function. 1f AH(1) is a random function there are :t'vid"'poesibilit"ies.

a. AH(¢) has some coherence thh z’() and hence with i(¢)._ In this instance ghe
integral giving the time varymg srtion of the cro =gorrelstion will hnve a valbe

and the cross-correlatxon measurament will tisatake i mto-account. St

b. AH(I) has no-coherenée With x’(t) ani consequently-no Colicrence-with-i{e);
-llere the cross-correlation measurement will not take the time varying charac-
teristic into account. The output powes due to such a process will then be in
the remnant and che crosse-correlation will measure only the *"average'’ transfer S
funcrson Hfiw). ’ ‘

While the possibility of an analytical time variation in AH{:) is by no means ruled out at present, it is
safe to say that it is improbable and so we shall drop it from further considetation. A stochastic AH(#), or a vari-
ation over the measurement runs that amount to almost the same thing is quite possible, however, and hence such
a form of nonsteady behavior must still be considered,

Proceeding now to the first question above, the answer is readily at hand, fo: Zsdeh has shown [95]
that if the system function is H(jw;t) instead of H(jw), then the output autocorrelation function R.(?) is given by

Rcc(r) = 34 [Rﬂ”(f.m) 0"(((«))] (lu°82)
®,, is the forcing function power spectral density and Ryylr,w) is the ecotrelation function of the system function, i.e.,

m 1
Bunlrd = F0 (TG ) o 1410 dr (111-83)

Using equation (I1I-83),

Ryy(r, ) — 7’_‘,’: T o= T[Ho(,w) + A () [H-je) + AH(+ N dl

= fim ;TI TH 2+ AH() Hi-jo) + Hfjeo)AH(t+ 1)+ AHEAHCe + 1))t

- |H,|uno(-,-w),’;';"r,AH(.)dp+H,(,w), 7 g BHG+ )L+ g, ZT{_‘T’AH(x)Au(m)dx (sd)

The first and second integrals will be zero if AH{t) is a stationary random process of zero mean, and the third inte-
gral is just the autocotrelation, Ryyay(f), of AH(r). So Eq,(1ll-84) becomes

Ryp(no) = M +Ragag(n (111-85)
The auracarrelation of the opecator’s ourpr will chen be

Ree(n) = 3P, 1+3- [Ragay(n ®yl {I0-86)
which, since Ry gap(7) is a function of r only becomes

R = 381200+ Rypag(I Rik) {111-87)

If we desire the output spectral density rather than its autocorrelation, then

SR

Pecle) = IH O +3[Ryyap(n) Ry(N)
= POy + [0t Bpppple-w)de

where @4p04tw) is the power spectral density of AH(r), or the Fourier transform of Rygay(r). This second tetm is
due to the nonsteady behavior of the opetator, and will be denoted by the symbol ®,, for convenience, i.e.,
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Equation (I-90) anzwers the first question above, giving the output power spectral density due to the as
sort of nonsteady operator behavior, .- oL

in general, probably the simplest rechnique for examining 2 remnant teem suspected of being largely
power due to nonsteady nperator behavior is to work with the autocorrelacion functions, for then

Ry(n)
RAHAH(T) — En':!(;‘ (IH-Q!)

and when r=0, ol
”RNM o (111-92)

ol

1

When none of the above possibilities, by themselves, ure useful in explaining the origin of a large
remnant term, one is reduced to the inevitable conclusion that either a combination of sources exists, or very non-
linear and/or nonsteady behavior in sxeremely important in che problem. if extreme nonlinear behavior is the
answer, the quasi-linearization technique is not too applicable and one must seek a nonlinear approximation. From
an analytical standpoint, nonlinear methods analogous to those quasi-linear techniques used to this point are in
their infancy or nonexistent, In terms of the effort involved, nonlinear cosrelation methods make such things as the
reduction of data into cross spectra (which is an onerous, time consuming task) appear like child’s play. Therefore
if the overail cystem 1s exceadingly nonlinear, in the sense described above, the most reasonable step may be to
adopt a purely empirical approach and attempt to find a suitable nonlincar analog of the operator, When analug cor
puter eiements are used in this process, the overall nonlinear problem can often be fairly seraightforward,
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Section IV
OPERATOR RESPONSE 'I'O SIMPLE VISUAL INPUTS

A, THE. OPERATOR'S RESPONSE TO. SINGLE VISUAI. STEP INPUTS,;ER:,::,:_,

One of thc sxmp!esz of tmckmg tasks is the process of followmg a smgle step rcing
situation where the controlled element has no appreciable dynamics,® Some aspects of the operator’s behavior in
performing such tasks have been studied by « host of investigators since the dawn of sxperimental psychology.
Most of these investigarors have been concerned with various reaction time experiments; a much smaller number
have been concerned with examining the problem as a uacking task and applying dynamic analysis mcthods to the
results, it is primarily the latter results which are reviewed here (14, 32,57, 71,77, 78],

In terms of experimentai results, Fig. 17 shows typical responses {32] io visual step inputs from an
experiment in which subjects were to follow a line on moving recording paper which could be viewed through a
narrow, transverse slot. The original line drawn on the paper consisted of 2 step, which served as the forcing
function, A line drawn by the subject was the outpur,

-r-——-°- S  OPERATOR'S NESPONSE \\
v
/FORCING \ \ |
FUNCTION \ \ !
\ \ :
A\ v ;
\
S e ———— i
\ -’
i T i 1 T I I i 1 T T T T T T T 1
¢ \ 2 4 s . 7 .0 J 2 3 - s N .7 s
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— e ——— —————a
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“ . \-—\"_—-_.‘_.-’
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Figure 17. Typical Responses in Following Step Displacemests of a Moving Line. o
(Ref. 32) }

Similar responses have been observed in an experiment in which subjects tracked a target by moving . q

an aircraft type control stick [78]. The target was @ dot seen agsinst a vertical line on an oscilloscope, As the E
g

*In the pc:fomnnce of the nctual ezperimental work reviewed here a sequence of ateps was upphed. in the gense used above, g
such a seq idered 10 be essentially & repetmon of siagle step presentution if the time between successive steps H
is lasge, and the lnplmndn of the steps are cor.stant in magnitude, though possibly of either sign, 5
H

i
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jumped to the right or left, the subject was to move the stick to return the dot to the vertical line as quickly as
possible, e

Reference 21 also describes comparable. results in an experiment utilizing 4 vertically mounted, movable:..
disk with a triangle painted ac a point next to the outer edge having its apex poirited toward ih& Ceiter of the
The operator was provided with a control wheel linked dirsérly with a pointe 7. a step fulici
plied to the disk the vperator would line up his pointer with the apex of the triangle. ; -

In terms of types of displays, the second mentioned is comp tory, the third pursuit, and the firs:
has aspects of both. We will, however, discuss the results of all three experiments by considering only Fig, 17
since the experimental resuits are quite similar with respect to the effects in which we are interested at this time.

Inspection of thesc figures reveals that the respu. e can be separated into two phases, The first
phase consists of a dead portion (reaction-time delay) during which the subject makes nn mavemsane ar all, After
thic initial pcriod there is the dynamic portion of the response, during which the subject moves reiatively quickly,
ending with a small error {the primary movement of this positioning response); and then sometimes mare slowly
towasd the sew position of the line, eliminating the remaining ceror (the secondary movement).

The average duration of the dead time portion of the responses shown in Fig, 17 is about 0.25 seconds
and is well within the range of simple reaction time to viswai stimuli given in References 79 and 94. It is not
meaningful to present average values for human reaction time to visual stimuli without considerable explanation
rince theze time measurcments are functions of vuch subject centered variables as attencion, motor set, training,
alertness, and mode of response, and of such stimulus variables as the complexity of the stimulus, the inrensity
of the stimulus, and the temporal interval between stimulus and slerring signal. A good lower limit for simple
reaction time tn a visual stimulus for a pracriced alerted subject is 0.180 srconds. This rorai dead time may be
analyzed into itc csmpunuuta i un upproximate fashion, The latencies of the visuai process will vary from 0,035
0 0.070 scconds [76), depeading on the intensity of the stimulus, Considering synaptic delays and peripheral and
central conduction times, the total time fur a command to reach the muscle would be 0.01 10 0.02 seconds, and the
muscle contraction time would be between 0.02 and 0.04 seconds [69]. The difference between 0.180 and the sum
of the lower or higher latencies for the components of the tcaction time can be attributed to central organizing
processes [57,69, 781, Such organizing processes would have to account for between 0.05 and 0.11 seconds for the
example given, la Fig, 18 we have muscle action potentials from the biceps and triceps of the arm of a subject who

exrznsm;l\\
OF ARM

ARM MOYEMENT

exTensor AcTion poTentiaLs Ll I ! A
1 i
STIMULUS ! i
g ; ]
FLEXCR ACTION POTENTIALS | )
[} { r
|
1 1 ' L 2 1 I ]
3 160 20 300 0 500 :
[ TIME in militseconds
'——.——'
a b 5

Figure 18, Muscle Coordiation in the Extension of the Arm.
(From Ref. 39, p. 9)

WADC TR S6.524 46

Sinnme 1m0 T b Bl - (10BN ILIG 12 D 2 Bk oly IR 35 8 541




was told to extend his arm as quickly as he could after seeiug a.visual signal: This response_was:ballistic rather
than continuous, Note that the interval c—a, which is the reaction time of about 0.200 seconds consists of conduction,
synaptic and organizing delays whose sum is 0.140 seconds measured by b<a, an: usgilar Contragtio
and preparation to move the arm of 0.06 seconds which is measired -byc~b: ~“Thi poscTin presen
tenuous discussion-of neural lags is co acquaint the reader with the physiological-limits €ofistraining this. contral
system, and to raise the possibility that in certain types of ontrol tasks the operator-may. bé characterized by * . —.......-
latencies which will be considerably shorter than the usual résction time latencies, if his¢entral oiganiZing process
latencies can be cut down by training or the nacue of his task. T o A oo i

A movement response to a visual scimulus can be execrted without continual visual control of. the move-
ment, as shown by (b) and (<) of Fig. 17. In these figures, although the line to be followed was suddenly terminated
after the step occurred, the proper response continued with but relatively litele final error, It is apparent from these
results and che experimental setups that the dynamic portion of the response is nor under a closed-locp type of
contral in which rhe eyes are used rn continually meacure the error. The derailed mechaniam nged by the human
in generating these responses is not yer known, bur speculation and some experimental effort has led to the inter-
esting and instructive opposing points of view summarized below.

Reference 78 states chat the dynamic portion of the response is ballistic with the effectors reacting in
an open-loop fashion to the signal from the .central nervous system which was set during the reaction-time
delay. References 32 and 57, however, point out that such au open loop chatacteristic might not account for
the oscillatory*hunting’’ which is apparent in some response:s to step inputs, such as that in (b) or (c) of
Fig. 17; and that an occasional oscillation of this sort covld more readily occur if che dynamic portion of the
r=sponse iz made under some type of closed loop contrel. Since the eyes are apparently not included in this
loop, the feedback signal, which is continually subitiucted from the '‘command’’ signal set in the cerebellum
during the dead portion of the response, would then.come from the proprioceptive receptors in the effector
which makes the response.

The preponents of the *‘cam action’' or ballistic response viewpoints counter [16] part of the “‘closed
loop’” argumant by experimerts on kinesthetic reaction rime. The icsults of these experiments yielded a
kinesthetic reaction time of 0.129 seconds before a subject could stop a falling motion of his right arm, which
was encased in a splint and initially held borizontally by an electromagnet. It was concluded from the s
tests that the kincsthotic reaction time was too lung to permit continvous voluntary control of short-duation
hand and arm movements by kinesthetic information turnished through feedback. Reference 16 also notes that
the closed loop, proprioceptive feedback model would require continuous and up to date information an the
space position of the body member. It is then stated that physioiogists currently believe that the type of
feedback wudetlying the proprioceptive reflexes arises from receptors which indicate the amount of teasion
within a muscle, The pusition of the body member is known, but this knowledge is presumably gained by a
synthesis of the activity of a large number of receptor organs of dilferent types and in diffecent pares of the
body. Such a computation would probably require a length of time comparable to a visual reaction rime,

In partial answer to these objections, References 32, 33, and 57 state that a reaction-time delay is not
determined by the time required for sensory perception and transmission, but that it is used up mostly in corn-
puting and sctting the signal sent to the effectors. Then, if a computation and setting up of the tesponse are
not required, the time delay imposed on rhe feedback signal may be very small, This could conceivably be
as small as the 0.03 to 0.06 seconds cited above for the combination of nerve conduction and muscle contrac-
tion. The hypothesis offered is that the dynamic portion of the response to a step input is made under closed-
loop control with the proprioceptive senses, and without reaction-time delay. Support for this rosition can be
found in studics which attcmpted to determine the rate at which a single motor unit could countract in wolun.
tary contraction and yet have each contraction modificd on the basis of its predecessor. Using the higher
delay time of 0.06 seconds, one would conservatively expect that muscular contractions in continuously con-
trolled movement would occur at a rate of slightly more than 10 per second. Electromyographic studies of
voluntary movements of moderate strength show just such a rate of electrical discharge corresponding to
| muscle contractions [ 69]. )

Getting back to the experimental data, we can readily see that the facts are not describable by either
the pute pursuit or pure compensatory block diagrams of Fig. 2 if the visual senses are not in the loop, In terms of
an cuter loop containing a visual sensor, the response appears to be essentially open loop, feeding through either
Y, in the compensatory case, ot Y,, in the case of pursuit. In either event the result is the same, since both sys-
wws seduce 1o siagie blocks when viewed in this ouier ivop sense. The points of view discussed above are not
conteary to this, bue are concerned rather with the behavior within the blocks, ¥, or ¥,.. This is probably most
easily seen by referring to Fig. 19, which illustrates both notions. Since external measurements allow us to
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determineg only the characreriseics of the inpuse and output, we- can only determine an équ-!vnleit tansfet fugcion
for the opecator of the form € ™ ¥y(s). The tranafer function Y, will be.called that of the “neiiomubculassystem!!
smce both nerves and muscles are involved, tcgardiess of the above stated paints of vidw, fhe P c-delay; -

*, represents the effect of the visual'reaction time for this type of: nnputsand -+-will be-of th mder.of 0,25-se¢
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b. Closed Loop Servo Analogy.

Figuce 19,

1
‘{0 derive a step input describing functicn which weuld desceibe rhe dynamic portion of the response, E j
curves can be fitted to typical responses to step inputs. Lhen the Lapiace transform of dhe funciion i€pieseiting :
the fitted curve is taken, multiplied by s (because the forcing funciion was a step {unction), and divided by the !
magnitude of the step. The resulting linear transfer function when mul:iplied by an'¢ ™ to take into account the
reaction time delay, is an approximation to the overall transfer function of the subject in responding to a stcp funce X
tion command. Wotk of this nature is described in detail in References 32, 33, and 57. Figure 20, taken from
Reference 57, shows two curves fitted with rupical responses. These and similar data were then put into transfer
function form [32] giving the quaatity Y, (s), waich describes the overall dynamic portion of the operator’s response,

ARG

If one is inclined to view the neurpmuscular system as a closed loop operation, the open loop neuro-
musculat system transfer function (Y, Y, ) of Fig. 19 can be readily found from these same data if it is presumed
that Y, = unity. For frequencies up to 20 rad/ser, poiar piots of Yy{jw) were marched by the plots obtained by
closing the loop around the function

A
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Figure 20. Dynamic Portion of the Responses of Subjects to Step Input (Reaction-Time Delay Omitted).
(Ref. 57)
KUY st 28T 4 av-n
where T = 0.042 sec; (1/T =23.8)
{ -05

K - 6.84 to 7.85 veci

Reference 33 contains these Nyquist plots,

Regardless of whether one holds the '‘closed loop’' or "*hallistic'’ point of view regarding the '‘neure-
muscular system,’”’ the following transfer function will describe the dynamic portion of the response of a humun
operator to a step forcing function (to the extent thac the data are representative).

KG(s'
Yy(s) = -l-ﬁl((i_()s_) {Iv-2)

where KG(s) is the function given in Eq. (N-l).

To include the dead portion of the response due to reaction-time delay the factor & ™ muse be included,
The linsarized data then gives Eq.(1V-3) as the human operator transfer function for the case of hand motion and
essentially no controlled element dynamics, when following a visual forcing function consisting of a simple step,

~Ts a7 bt/ 4

Y, = &Y, - = —E =+ £
HSdsrep = € "Hls) = 453 LKT s T G/ T sl
K 4 K

(Iv-3)

It will be noted thar the last approximation of Eq.(IV-3) is & simple first order lag. This may lead to confusion
since the neuromuscular system possesses inertia, thereby requiring at least a second order uensfer function. For
sufficiently low frequencies, however, the first order lag is a suitable approximation, and it is debatable whether
the daza should be pushed much further than this.
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B. THE OPERATOR'S RESPONSE TO A VISUAL SEQUENCE OF STEFS

_ The. respunse t~a single Step was coveted shove. The topig to be disgussed in :,hig _sub-sec;ig' ﬁ is

g (e

and/or varymg step ampluudes.

I would be convenient if the puncxple of Superposition could bc appii & per )
of the response of a human operator to an irregular sequence of steps simply as the resultant of his responses to the -
individual steps, using the tansfer function for step-function responses obtained above. While the final conclusion
of this sub-section will be that one can do essentially this without too much error, there are two special character-
istics requiring some consideration. These are the possibility of a refractory phase (a period of time aftet a stimu-
lus when the operator cannot operate on a subsequent stimulus — analogous to the iefractory phase for individual
nerves and muscle fibres), and the so-called range offect. Superposition will be inapplicable to the extent that
either of these cffects exist.

Several investigacors, among them Hick [41] and Vince [87], have indicated that a psychological refrac-
tory phase may exist, and that a certain minimurs time must therefore elapse after a fitst response before the sesponse
to a sccond stimulus can be made. This time is in addition to the normal reaction-time delay which would be ex-
pected to separate the second stimulus and response. The experimental results upon which this tentative conclu-
sinn was based showed an increase in response time (used to approximate reaction time) as the time interval was
dec:eased between individual steps in a sequence, It should be noted that these same results can be partially
arcounted for by considering the operator’s bandwidth limitations. In cther words, a sequence of steps used as
inputs to the transfer function € ™Y, (s), Eq.(1V-3), will give response records where response time valucs appat-
ently inctease, due to a scale effect on the amplitude of transient modes, as the spacing between steps becomes
smalf,

Gther investigators, such as Ellsor and Hill (25], have performed experiments from which it is possible
te infer that ne refractory phase exists as such, While the type of experiment performed by Ellson and Hill decs
not prave positively that there is no refractory phase in the response to a sequence of opposed steps of constant
amplitude, it does point suwongly in chat direction. Therefore, until more definite information is estabiished to the
contrary, it can probably be assumed that a practically signiticant refractory phase does not exist [211.

The range effect is a somewhat different matter, and in the case of certaia sequences of steps, the
operatot’s response may be modified slightly in a nonlinear fashion, If a sequence of command steps of about the
same relative size is given the test subject, he will tend to overshoot in his response to a smaller step and under-
shoot in his regponse to a larger one. In examining this phenomenon Ellson and Wheeler ran two series of tests
[26], one with input step amplitudes of 0.25, 0.50, and 1.0 inches and the other with amplitudes of 1.0, 1.3, and 2.0
inches. The subjects tended to overshoot the ore inch stimul- s when it was the smaile~t in the series, and undes- -
shoot the same stimulus when it was the largest. The tendency is therefore a function - . -ange and not simply a
resule of the absolute magnitudes of the stimuli.

This range effect can be consideted as an example of a type of behavior pattern often found in psychol-
ogy and termed by some the *‘central tendency of judgment.” Ii the prearn: cass <hiv tendency is definitely present,
but as can be seen from Fig. 21 the overall effect is really quite small. We can conclude, thetefore, that the zange
effect is not too severe a deterrent to the assumption of superposition, and that the transfer function given for ;
single steps, Eq. (IV-3), is also reasonably suitable to describe the gross behavior of the operator in tasks involving o
sequences of steps, -

A final point that should be mentioned on visual step sequences is noted in Reference 14, This was
the result of an experiment using the pursuit sctup previously described (rotary disk for input, control wheel and
pointer for output). In this experiment the subjects were asked to respond to inputs consisting primarily of more or
less irregular, closely spaced, steps. The input was much closer to & random type of input than simple step
sequences, but individual steps and responses were stil! recognizable as being particular input-response pairs (see
+ig, 22). Therefore, the individual reaction time delays couid still be measured. The results of this experiment
indicated that the reaction-time delay to often-moving, irregular step-like inpurs might be slightly less than that to
steps where the time between input movements is sufficient for the operator to settle down to a constant position,
The avarage e2a~tico rime delay for the irregular inputs was about 0.2 secondr, as opposed to the average of 0.25
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Figure 22, Response to Closely Spaced, Step-like Irregulas Inputs.
(Ref. 14, p. 11) N

seconds obtained with the samc subjects using more widely spaced and less irregular step forcing funcrions. This
result, and similar effects due to warning and motivation found in classical reaction time experiments, is helpful
in explaining some of the lower reaction times found in tasks, such as tracking random inputs, where serial rather ’

than solitary responses were demanded of the subject.

C. THE OPERATOR'S RESPONSE TO VISUAL SIMPLE PERIODIC
AND OTHER "COMPLETELY PREDICTABLE" FUNCTIONS 3

The most obvious co:. lctely predictable forcing function is the pure sinusoidal oscillation. The
tesponse of the operator to this system input form, with no controlled element dynamics, bas beea thoroughly
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studied by several researchers. Notable results have been reported by Mayne [32, 33, 571 and by Ellsen and Gray
{24], among others, o - :

The Goodyear (Mayne) experiments wtilized the recording paper, nagow alit; ,gpppxagutito iched-on o
previously in the review of operator responses to simple step inputs. Typical resules of ch v

|- 1 SECOND ~—i
—
- =
- N — rd - X ~
- ~ ’ -
~ P ~,
N ~ . N
~ - / 7 ~
- ~
A b
/ S i ”\ -~ S
FORCING FUNCTION OUTPUT =

a. "*Closed Loop’ Response.

_—

= . sourrur

N - ' J
~ P ~
S - \ rorcing Funcrion S~

& ‘'Syachroncus'’ Response,

Figute 23, Typical Parts of the Response to a Sisple Sinusoid,

compatable with those achieved by others, arc illustrated in Fig. 23. The interesting feature is that the respensc
seems to occur in three main parts:

(1) The very fitst part of the response (not shown in the figure) contains a reaction
time delay, This is followed shortly by

(2) A “non-synchronous’’ response, Fig. 23a, which reveals the presence of a
‘phase lag. This lag is too small to be due to a reactionstime delay, (A factor
of €™ in the transfer function would give a phase lag of 90%at a frequency of
1 cps if r is taken to be 0.29 sec.)

(3) Shortly thereafter tie re changes to

p synchronous'’’ following of the

sinc wave wilh o phasc lag and only slight attenuation, This mode can be wain-
rained fairly easily at frequencies of 2.5 to 3 cps. (L should be noted that similar
syanchronous modes also exist for other forcing functiens, such 25 a square wave.)

After a peried in the synchronous mode, the operator tends to drift out of synchronism, When this
occurs, he gets back into the synchronous mode by going through the first two respouse phases noted above, though
usualiy more rapidly than the first time,

Mayne's Pmposed expianation of the synchronous and nonsynchronous characteristics is summarized as
follows: The "non-synchronous’” portion of the response displaying the phase lag occurs when the operator
is effecting continual closed loop control with the eyes included in the loop. The eyes are exercising con-
tinuous control, and no time is requited for computation and setting of responses in the cetebellum. (This is
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analogous to Mayne’s view of the closed laop proprioceptive responses for the step function case.) Since the
computation time is a lacge part of the reaction-time dalay, it might be possible to have this coatiiuous con- - .
trol without the additional phase lag due to the whole reaction-time delay, Te accomplish theé final or “syn-
chronous’’ mode of response, the operator must have added some sort of prediction to govern his response to
eliminate the phase lag entirely. Once started, the synchronous response can be continued, for short periods,
without the use of the eyes. Evidently the operator can ''set in" to his effectors a certain range of functions
which determine his response. Thr control of this response may or may not be made closcd loop using the
proprioceptive sense, but in any event requires thar che ''set in'’ function take into uccount the neuromuscular
Iags.

Qur view of the underlying phenonena differs, to some extent, from Mayne’s. We feel that, in terms of
block diagrams, the three forms of response can probably be adequately represented by the three parcts of
Figure 24. During the very first parc of the response, the narrow slit through which the operator views input
and catput effectively makes the display a compensatory one, Fig. 24z, This iz particularly trug at the initiul

. 0]
'.S‘_). o HUMAN OPERATOR -

VISUAL FEEDBACK

@, Compensatory Situation Representing tha Initiai Phase
of Resp o a Si idal Input.

FeT T

i |
H 1
' YP( l
itr) i | c(o)
o It i
' %, L1
|
|
OPER
L. Juman_ opeRAToR
VISUAL FEEDBACK
b, Puisuit Situation Representing the Non-synchronous Phase
of Response to a Sinusoidal Input.
i 'S YNCHRONOUS” NEUROMUSCULAR o)
—— — o SYSTER
GENERATOR
. Y”

¢. Open Outer Loop Representing the Synchronous Phase
of Response to a Sinusoidal Input,

Figure 24. Block Diagrams Representing Phases in the Operator's Response to Sinusoidal Inputs.

instants before the operator has scarted his response, Shorly after the start of the operator’s response, the oper-
ator recognizes the periadic narure of the forcing function and the pursuit aspects of the display take over, Here

the operator gegerates a suitable transfer function in ¥, to overcome visual reaction time, Fig. 245.% Finally,

* The effective reduction of visual reaction time in simple pursuit aituations with no coatrolled elements is discussed in
detail in Section XI.
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the operator is able to detect and take advantage of ali of the internal coherence and predictability of his
input signal (the error). The action of the central nervous system thea zesembles a programmer or synchronous
generator which generates command signals to the néuromuscular system based upon a complete “'knowledge'’

of the forcing function and the operator’s lags. This last response-is esseatially open-loop (in the outer loop, - -

at least) with no visual feedback. As the synchronous motion drifts off or the input frequency is changed, the
operator tetraces his steps theough at least the non-synchronous mode, and “‘corrects’’ the '‘programmer” to
get back into the synchronous mode, .

If the closed loop operation of a human being were linear for all inputs, it would be possible to express
his response to a sine wave by using his transfer function in response to a step forcing funcrion. The experimental
results cited above make it clear that the overall operation cannot be considered linear, For example, correlation
between the synchronous portion and the respunse to a step is impossihle because the absence of phase in the
former would imply an instantancous response to a step input, On the other hand, the fact that the operator outputs
for sine wave forciug functions are also fair sine waves indicates directly that a separate linear transfer function
can be defined for each of the particular sine wave cases,

Mayne suggests that the dynamic portion of the response to a step function can be correlated with the
non-synchronous response to a sine wave. In this connection, it is worth noting that the 40° phase lag observed in
the latter eesponse is approximately equal to the phase lag which would be cdused by the transfer function ¥, (s) of
Eq.(IV-3) at the frequency of 1 cps.

In the synchronous mode the operator is able to keep forcing function-outpur phasc shift to nearly zero
cver & wide frequency range, but is not able to maintain uniry amplitude ratio at the higher frequencies. Both the
input aud the ontput mic approsimaicly sinusoidal, so a transfer fuaction could theoretically be defined for tius
synchronous mode. To match qualitatively the frequency responge characteristics mentioned above, using wansfer
functions made up of rational polynomials, the simplest possible form of such a transfer function would be that of
Liq. {(1V-4). 1

Yolsdsyvenmonons == Ts i )ETs 1) av-4
This exhibits an amplitude ratio decrease with frequancy Lut no phase shift, It will be noted that this transfer
function is that of an unstable system, giving rise to a divergence, so even though it might be suicable for describe
ing the response, the general form is misleading, Therefore probably the simplest way to repeacent the synchronous
mode is with a describing function which is real hut frequency dependent; as in Eq. (IV-5).

Yolj@lsyncuronovs = Klw) av-5)

Something akin to the synchronous mode appears in othet situations where the operator has thoroughly
*learned’’ his inputs and, by experience, seems to provide exactly the required output. Examples of this ‘‘total
prediction’’ ate a helmsman's ability in ‘‘meeting’’ a turning ship and some pilots’ ability o cope with the well
known ''JC maneuver'’, by applying a single, properly timed, conditioned output response. Other skilled activities,
like catching a ball and tagging a base runner in one continuous motion, counter-punching, serving a tennis ball,
etc,, are similar 2xamples. A!l of these may be considered as practical examples of the pracognitive situation dise
cussed in Section L

Apparently a characteristic of total prediction is the pre-setting in the neural centers of an entire

up these learned responses, the operator presumably goes through the follawing stages:
(1) When the input is first encountered, control i= through the external senses, with reaction time dclay, etc.

(2) At some later period, the ‘‘system’’ possibly becomes either a pursuit sirustion_ or retains a compensa-
tory form under closed loop control of the proprioceptive or visual senses but without reaction time delay,

{3) Finally, the entire response is completely learned, becoming ‘'synchronous’’ or skilled. In some instances
observed cxpesimenta !y an apparert synchronous mode could conceivably be the same type of control as (2),
with the addition of a lead to offset the neuromuscular lag. A reue cynchronous mode, which can exist withour
the external senses operating in the loop, cannot be described in this fashion. [By definition!]

WADC TR 56.524 54

g

IR e TB AT




e

Section V

LINEARIZED OFERATOR RESPONSE TO RANDOM APPEARING VISUAL FORCING FUNCTIONS
IN COMPENSATORY TASKS WITH NO CONTROLLED ELEMENT DYNAMICS

A, INTRODUCTION

Responses of operators in manual control systems with random appearing iaputs exhikit a type of
behavior which we shall call “equalization”, since its action is ditectly anzlogous to that of the equalizing ele-
ments inseited into servu systems to improve the overall performance of the system, By its nature, equalization
appears to be a continuous operation performed vn data concinuously observed by the external senses. This property
distinguishes it from the “tatal predicrion™ which is abserved in the synchronous part of the response to u sine
wave, and also from the possible cam like action (or the equivalent closed-loop proprioceptive responses without
external control) observed in both the initial stages of response to sine wave inpus and the dynamic part of the
response to Step inputs.

The operator must obviously adapt his equalizing behavior in <ome way to enable him to handle con-
tolled clements having widely diverse dyramic characteristics, Perhaps the best way to classify his equalizing
belavior is on the basis of the conttolled elements which “force " the aperator’s charactetistics to ahe on some
particular form consistent with reasonable overall system performance. Thetefore the discussion of operator dynamic
churacterisiics in compensatory tasks has been divided inte two major pasts; the first will reat past experimental
data on compensatory systems with nc controlled element dynamics, i.2., Y. -1, and the second will consider sys-
tems with varinus contenlled clement dynamic characteristics. This section is conrerned nith compensatory systems
of the {irst type, while thawe iy the second catepory are considered in Section Vi,

The human aperatar as a component of a manual control system must be considered to be a nonlinear
and/or time varying element, This statement implies that two differcnt quantitics will generally be required to
specify a human operatnr on a quasi=linear basis., The first quantity will be a describing funcrion which relate:- the
operator’s output to the applied system input on a linear basis. The second quantity will be an ope:ator output
(or remnant), which is not linearly coherent with the fatcing function to the system. These two quantities will be
discusged sepnrately; transfer characteristics in the first pare of thic cectian, and pmnant characteristics in the
second,

In all cascs considered here the general system situation was the compensatoty type shown in hg.2b
and the hocie tack war o tract o rondom sppaaring foreing funetion. Thic peneral type of forcing function ie
probably the most fruitful one we can use if results are detmed which will be apphcable over a wide range of track-
ing situations. Since, characteristically, the forcing functinns to most manual systems in operational use are low
in frequency and at lenst partially stochastic, low frequency Gaussian noise is 3 natural idealization of actual
forcing functions. Low frequency Gaussian noise is also capable of being easily ‘*shaped” in various ways without
changing its Geussian nature, This enables one to study the influence of forcing funcrion characteristice upon
operator behavior when all the other system parameters are fixed, For these reasons most of the experimental work
on operatos transfer characteristics which has been deue since the advent of suitable automatic computing devices
utilizes Gaussian forcing functions, In some of the eartier work the desirability of using random appearing forcing
functions was recognized, so appropriate sums of non-harmenically related sine waves were used to simulate ran-
domness while stiii allowing the experinenter to reduce his data simply.

The experimental data considered in this section have been taken directly from the efforts of three
investigarors and their colleagues, specifically J. L Flkind {22, 23], L. Russell [70}, and E. S. Krendel 149, 50, 51, 531.
Using these experimental data as fundamental sources, the authors and their associates have replotted and derived
“best lit" deseribing functions of the operator (and fits for other data) for all cases excepe the describing functions
of Elkind, which were initially presented in suitable forni. The describing function fits provide a convenient struce
turing of the data frem which we can determine the influence of the forcing function 7and the coatrolled element, for
that matter) upon the transfer characreristics,

In the discussion that follows, the presentation of pas: experimental results on the operator in simple
compensatory tracking tasks is divided into the two previously mentioned major categories, i.e., transfer character-
istics and remnant characteristics. The first major subdivision is further broken down into three paiis, corresponding
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to results obtained on Elkind’s, Russell’s and the Franklin Institute’s “simple trackers"”. The correlation of Elkind's
results with simple servo analysis criteria is also included, A considerable portion of the subsecrion on Elkind's

wurk with transfer characteristics, which includes the effects of variations in-forcing funcucm bandw,tdl:h. anplitude,
and spectral shape upon the desecibing function, is taken dircctly from Refcrcnce 23 . o

The second major subdivision of the scction is a detailed discussion of the sccond pert of xhe opexator s
description — the remnant. In physical terms the word remnant as used here will normally be considered to mean
thae part of the opetator’s output power spectrum which is not lineariy coherent with the system forcing function.

For much of the historical past of tracking research this quantity has been largely ignored or passed off as a mildly
troublesome deterrent to a linear description of the operator, Ry analogy with linear systems, the transfer charace
teristics have heen granted the major emphasis. This situation cannot continue if the full realization of quasirlinear
techniques is to be applied to complex manual control syscems — fnr much evidence puints to the fact that the more
demanding the task, the more important the remnant. Indeed, in some systems discussed here and in the next s=ctien
the remnant term is the significant one in terms of operator output power, Considerable atiention has therefote been
devoted to the exploration of possible sources of the remnant which are still consistent with the assumptions of
quasi-lineatization. Two of the possible applicable “explanations” are applied w Elkind’s data in the second
division of this section, The meager data on the temnant from the Russell and Franklin simple trackers is also
presented.

In the final subsection we have attempted to summarize the similatities and differences obtained in the
three simple tracker experiments,

B. HUMAN OPERATOR TRANSFER CHARACTERISTICS IN COMPENSATORY
SYITEMS WITH NO CONTROLLED ELEMENT DYNAMICS

1. Elkind’s Compensatory Experiments

Elkind's experiments invelved a very thorough study of the effects of forcing lunction ¢haracteristics
upen the sesponse of the simplest possible compensatary systen employing a human operator, a display, and a
lightweight, essertially frictionless connol withonl spting resteaints, The cacking appararus is illustrated in
Fig. 25, and consisted primacily of a “pip-ttapper”, l\‘VO \Jsclll(’st\)l"_:' and associnted clectronics. Lhe Jisplay
was the vertically mounted scope with a stativnary “target” at the center of the scieen and a “follower” (a smail
vircle Yis inch in diameter, generated electronicatly) which moved about the screen as a direet functien of the ciror,
The sabject tried to keep the fallowar circle around the target dot by moving the control (a small pencil-like stylus)
un the screen of the lowey oscilloscope. The error voltages which drove the “follower” were penerated by making
the datterence between the input voitage ami tie X cowdinate of the follomer pocition lor the harizantal motion, and
the ¥V coordinate of the tolluwer position wlone for the vertical motion. This was done since the stylus was free to
move in both X and Y directions so that the operator could move his hand in a free and nactural motion without
external restraint, However, the vertical display Y-axis sensitivity was one-quarter that of the horizental display,
The operator could thetefore move in a natural arc without producing significant vertical movement of the follower,
‘The dispiay was then essentially one-dimensional, and the measurcuments were all taken on this basis, i.e., only
horizontal movements of the follower were used. The gain between the X-axis of the pip-trapper horizontal display
was equal to that of the horizontal follower motion on the vertical display.

In operation, the subject was seated directly in front of the upper screen and allowed 1o adjust his
viewing distance to whatever value he thought best () to 30 inches). The iower oscilioscope was mounted to the
tight of the operator in a location so that the tracking motions were very suailar to those used in writing. An arm
rest which supported the entire forearm was provided, und the snbject was allowed to use finger, wrist or forcarm
movements as he desired, This allowed him to adjust to differcii movemem awplitudis Uy Goiny the muscle group
most suitable for that amplitude,

In all of the Elkind experiments discussed in this section the forcing functions were made up of signals
geneiated by summing a large numbet (40 to 144) of sinuscids of different frequencies and arbitrary phases, with
components spaced equally in frequency. Such a signal of different frequency, random phase sinusords approaches
a Gaussian process as the number of sinusoidal components becones infinite, and +llows one to achieve a very
sharp, essentially rectangular spectrum cutoff if desired. Other spectral shapec can be obtained by appropriate
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filtering. The actual spectral forms used in the various
portions of the study are shown in Fig. 26,

Elkind performed four basic experiments on
both compensatory and pursuit systems. In this section

we are concerned primarily with the compensatory results -

of his Experiments II, I, and IV, which consisted of test
conditions dcfined as follows:

D, (db)

{ (eps)

LOG [ (cps)

a,
Experiment Il — Amplitude: The forcing functions were
three signals identical in all respects except
amplitede, Their spectra were rectangulai with
cutoff frequency of 0.64 cps (4.02 rad/<ec}. The
b,
a
3
°

C.

0.96
{ feps)
Figure 25. Elkind’s Tracking Apparatus.
(Fig. 3-3, Ref. 23) Used in tk . Elkind Compecnsatasy Seudy.

WADC TR 56-524 &7

Figure 2G. Types of Power Density Spectra

Y

— s ot G (b . o e o —

Y

e b 54 8L AL




4
3
2
3
§
i
X
:
4

amplitudes were 1, 0.32 and 0,10 rms inches, Runs were classified as Al, A2, and A_},_.coggesjgl_lgih_g
to the amplitudes in descending order, . .

cutoff frequencies, fco. Runs. were classified as follows:.

RUN feo (cps) w,, (rad/scc)
R .16 0.16 1.00
R .24 0.24 1.51
R .40 0.:40 2.51
R .64 0.64 4.02
R .96 0.96 6,03
RLG6 1.60 10.05
R2.4 2.40 15.07

Au additional frcquencu of 4.0 ¢ps was available, but was so difficult o track that the subjects were
unwilling to iry.

Experiment IV — Shnpa: For this experiment the signaic used were RC filtered and selacted hand spectru,
oll having 1 inch :rms amplitude, Run classitication and input specira shape are indicated in Fig. 27,

Onc group of three subjects was used in all of the compensatory experiments, Thev were all members
of the staff of MIT and were well acquainted with the objectives of the experiment and the characteristics of the
input sipnals. Defore data were recorded, the subjects went irough a training period of about thirty 4-minute
tracking runs over a period of about une week, All of the subjects achieved high proficiency during the training
period.

Inn the actual dara runs the subjects were instructed to keep the center of the follower as close to the
target as possible av ali cimes. The inpui signals were recorded on magnetic tape for all inputs in the entire exper-
imentul sequence, Experiments I thrcu,ch [V, and in reverse order (1V throupgh 1), The subjects tracked each set
twice, first in forward order and then in reverse order. Each tracking run was five mirutes in duration, with rest
periods of about one minute inserted between runs. The first minute of the five minute run was practice for rhe
subject to adjust to the signal, and the last fuur minutes constituted the scoring run,

Elkind’s experimental results | 23] were presented in the forms of
(1) Linear phuse and amplitude ratio plots of the closed-loop describing function H{f).
(2} Bode plots of the open-loop describing function Y,{f).
{3) Linear plots of linear correlation squared, i.e., p? = 1- b, /d,. .
(4) Bode plots of error spectium relative to mean-square input, ‘k,/fomq"lud[.
(5} DBede [luts of the spectzum of the uncorrelated output relative to wean-square input, lbnn/”‘:nq’ud/ .
(6) The relative mean-square tracking o ,“df/fmcbud[

In most of this subsection the itcm of major concern is the open-loop describing function Y,{f), though some of the
other items will be mentioned from time to time. Our ¢hief concern will be with the analytic foim of cusves fitted
to the ¥/} data. The experimental data gathered by Elkind is so significant, however, that a general review of the
results applicable to transie: characteristics is in order.
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Part I: RC Filtered Spectra RATE.

INPUT SPECTRA
RC Filteiad Spectrs, 1,2 und 3

UATION-}- -

- filtar:atages each wnh break
frequency: 0.24 cps (1.51 rps)

i
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]
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Pare II: Selected Band Spectra T 7
svecThRUN: | | { i ]
I\ INPUT SPECTRA i

RUN? B4 , B5 B6
= | sanp | Banp 8AND { BAND N
L2 B e ool — R ’°°“’|! ;""“’
HEIRRTT]

0.48 0.9 1.44 1.92

! (cps} RUN: B7 B8

mmmm- I_EL. LD.— Ll—

rms amplitude: 1 inch

Maximum frequency: 2.88 cps (1.B1 rps) :'5

. F2 12
Rectangular Spectrum f,,: 0.24 cps <

rms amplitude: 1 inch o

3

E3 : 19 db/oct 18
L=

‘ LOG { (cps)
F4 o -
0.24 '/ tcps)
RUN: , Bl B2 B3

Figure 27. Forcing Function Conditions for Elkind's Experiment 1V — Shape.
(Adapted from Table 3-1V, Ref. 23)

a. General Experimental Results on Upen Loop Dascribing Functions

(1) Experiment Il — Amplitude: fn this experiment the open-loop transfer functions were not determined, but
the results in terms of closed loop describing functions are shown in Fig. 28, Analysis of variance of
the real and imaginary pamts of H(f) were performed at three representative frequencies to determine
whether differences among chatacteristics were statistically significant. These results indicared (hat
the closed loop human operator characteristics were essentially invariant over the entire range of ampli-
tudes studied in this experiment, that is, from 0.1 inch to 1.0 inch rms. This means that the neuro-
muscular system is capable of being adjusted to a wide range of movement amplitudes, since the
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operarors used finger, wrist and foreammn movements in making the 1esponses to the various inputs,
Small, precice movements required for input A3 were made with the fmgers, and lage, grass rnbymenis
required for input Al were made with-wrist and forearm,
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a. . o
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—8— A2(0,32° rmy)
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Figur=s 28, Effect of Amplitude: Mean
Closed-Loop Tiwansfer Characteristics, e ' or — o —% ! st
(Fig. 4:5a,b, Raf. 23) FREOUENCY Tepa)

These results also give us our firss chance to obsetve the possibility of operator nonlinear tzans. -
fat chasacteristics. If these were markedly nonlinear we would expect a latge difference in the open -
loop describing functions for che three forcing function mesu amplitudes, and somewhat less difference =
between the three closed loop describing functions. Unfortunately, the open loop data wese not presented
in Reference 23, so our assessment must be based upon the data shown in Fig. 28. While slight differ-
ences are apparent in these data, e.g., magnitude H{f); jn>H(N 3350 > H(f)1 50, the d ifferences are quire
small and somewhat inconsistent. To the extent that chese slight differsnces actually exist, one could
sutm; se that the open-loop gain (and possibly some low ftequency lag) was a mildly increasing function
of ¢tms forcing function amplitude. The most general observation, however, would be that chere is little
evident nonlinear transfer behavior for the forcing function situations noted.
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(2) Experiment |I{ — Bandwidth: The variation with forcing function bandwideh of the amplitude mtios and g
phases of Y,(/), the open loop describing function, are shown in Fig, 20. It will. be noted that the-magnle : -~ §
tude and phase lag of Y,(f) show a gencral decrease with increasing forcing function’ T LE 5.
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) Figure 29. Esperiment Il — Open Loop #
et o oo pia g L L Transfer Characteristics.
FREQUENC Y {cpw) * (Figs. 411 d,b and 412 a, b, RE/ 23) .
terms of the analytical models fitred to these data, we will later see that this general behavior appears i
to obey quite reasonabls “laws", 3
Another item of immportance detetmined by Elkind in this ¢vperiment was the mean square esrar g
telutive tu che mean square input. These ccaulis ace plotted as Fig. 30, The reades iz cautioned that :
the plot is intended merely as a granhical tabulation and that ne particular trand or curve fii is proposed, ?
§
H
i
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(3) Experiment IV — Shape: The effects of forcing function spectral shape unon the open loop transfer chaz-

LRAf) (degrees)

acteristics are shown in Figures 31 and 32, The results with R filtered spectra are chown in Fig, 31,
and those for the selected band spectia in Fig, 32,

The open loop characteristics for RC filtered forcing (unctlons are sxmllm‘ in ms..} :espects to
those for rectangula: spectra, especially the one with an 18 db/oct high frequency attenuation, This.

i - ST QI SRS

becomes particularly appasent when the data for input R.24 is superimposed upon “the plot. “Parhaps ¢ the _- -

most important characteristic to note is the increase in amplitude ratio and phasc angle as the forcing
function becomes simpler to track, i.e., as the higher forcing function frequencies are more heavily
attenuated, Along this same line, the operator adjusts his phase margin downward as the high frequeicy
contear of the signal is icduced, Tor the RT foreing function with che greatest amount of power at high
frequencies (F1), the phase margin is about 70 degrees, while for F3 it is only 35 degrees, The swmaller
phase margins pesmit the operator to have higher de gain and hence better low frequency tracking per-
formance,

: a.
«l
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FREQUENCY {tpe) T T - T ]
TN
b \\r\/\
2e Sy
' ™ \\
w
§ \
S m—
[ 14 L.u—:ﬁ!h.
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Figute 31. Open Loop Transfer N
Characteristics for RC Filtered Spectra. Ty Eﬂ,-; L bei—L ol,,' e -—

(Fig. 4-16a, b, Ref. 23)
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The open loop describing functions for the selected band spectra ace fairly-similar to-tho§é’ ob=-
tained for the rectangular and RC filtered cases, particulacly in the way in which -the:phase’ margms
obtained with B4, B3 and.B6 decrease as power at high frequencing:decrenses:
pass signals (B3, B8, BY; and B10) were translated dawn the tidqiisncy s“cale-
component of the forcing function corraspondéd to the origin on the new
extent, these transiated transier functions.are. similar to those associated-v iz
inputs. In other words, the human operdtor appesis to be able to shift his low-pass 2 harac eristics up
the frequency scale, like a single-sideband modulator, when he is confronted with a bandpass inpit. -
However, when he makes these ¢ransitions, his gain is reduced and phase lag increased.

b. Analytical Approximations to the Open Loop Describing Function Dota

The measured open-loop transfer characteristics of Figures 22, 31, and 32 present the actual liacarized
describing function model of the human operator for the conditions of the experiments and within che bandwidch of
the forcing function, These results ure analogous to those cbtained when one runs a conventional harmonic response
test on a “hlack box" of unknown characteristics. At this point we would like to obtain analytical nwdels which
approximate the data, prefcrably in a form involving a small number of parameters, Then, witk the experimental
results approximated by these isolatsd parameters, and knowing the characteristics of the forcing function, we
should be able tc summarize conveniently the relationships between the presumed operator purameters and the force
ing function characteristics, In this way we can obtain some “laws” of operation of the approximatc analytical
models. Then, to the extent that the analytical model approximutes ilic operator, we have much greater insight into
the “laws'* whict actuaily goveru che overall behavior of the operator.

In considering the pouible types of models which might be used, we should first note that wedels haviag
nonlinear transfer characteristics capable of being chacacterized by the same describing functions are not partic us
larly desirable possibilities. Aftes all, the effort involved in taking the data for the quasi-linear dexrrihing function
should not go for naught. Nonlinear models are therefore placed in the category of last resort.

Considering linear models, we can readily say chat the most desirable types aretransfer functions made
up of ratios of rational poiyuvmials, with the addition of a pute time delay term also being allowed, Such transter
function forms are desirable because they nre simple, w=ll understood, und completely adequate for approximating
any of a large number of “frcquency sesponses”. Dy allowing the wansfer function parameters to change as a function
of the input parameters, we can cover the entire range of measured data for a given set of inpue conditions.

Having decided to use a conventional transfer function form, the next point ¢o be considered must be the
degree of approximation to he used in fitting che analytical model to the data, Since the experimental infaration
covers only a restricted frequency range, it is possible to fit analyeical transfer functions to the dara ta any arhi-
trarily defined degree of accuracy. An extremely accurate fitting procedure appears hardly warranted i this instancc
because of the data reduction crrors and the variation between subjects whose data make up the averages. A con-
ceptual point is also involved in that we would like to have a fairly simple analytical model with a small number of
parameters so that they can be readily related to parameters defining the input characteristics. From these consid-
erations we can conclude that the appropriate mode! to use in fitting a set of data is the simplest transfer function
form which is reasonably consistent with the tends of all the data for a given type of forcing function,

. y r

As general critecia for the types <f 2t .0 liiis a11 piatle we can list the following us consistent
with all known human operator data in compensatory tasks of variovs kinds.

(1) The operator's describing function should go te zero at iofinite flequency, i.e., his transfer charac-
teristics are fundamentally those of a low pass filter.

(2) The describing funcrion should be finite at zero frequency because of physical limitations.

(3) A pue time delay, ¢, should be included to account for the reaction time delay.®

* Several writers prefer to reaerve the term "reaction time delay” for discrete tasks and adopt such nomenclature as “analysis
time", etc., for continuous tasks. We prefer to use "“reaction time delay” a2 a term synosymous with an apparent pure time
delay. In the sense used here, reaction tigme will vary with the “"discreteness” of the task.
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(4) When the experimental closed
loop system is stable, the approximate
ficved transfes foncticn form should alse
yield a stable closed loap system.

The simplest uansfer fungtion form
that satisfies these requitements for much
of Elkind's compensatory open loop trans-
fer chacacteristic data is

_ Kemi® (V1)
B o= Tojw+1

where K is the dc gain, 1, a pure time de-
lay (analogous to the reaction time delay

in tracking discrete inputs), and 1, is a

time constant representing a low frequency
lag in the operator's chatacteristics, The
process of using Eq, (V-1) to fit the experi-
mentally determined characteristics is illus-

wated in Fig. 33. A good fit to the datamust

be achieved simultaneously in magniiudc
and phase, so it is usually necessary to
shutele back and forth between thesc two
quantities and adjust the parameters of Y,
to obtain a compromise giving the best fit.
Since the pure time delay e "/ does not
affect the amplitude characteristics, the
amplitude ratio curves arc fitted by

PR LS Ry

{1gja + 1

Approximate values for K and T, can be
determined from these data using templates
or other means, with the chiel crterion
being the visual appearance of a good fit.

The phase associated with the tem
{Tyjw+1)"! can then be subtracted from the
measured phase te give that hypothetically
due to ¢™J¥, On a lineas plot of phase ver-

sus frequency, the phase laz due to reaction

time should be approximately linear, and the

slope (expressed in rad/rad/sec) will be the

value of - #,. Therefore, when the residual

essary to select other values of T (and
hence K), and repeat the process until sat-
isfactory results are attained. The parame-

ters defining Elkind’s approximate fits using
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this simple transfer function form are given in Table 1.* It should be noted here that Elkind used the parameter f,
(equal 1o 3'5317}‘) in his work, so it is also noted in the table, '

Table 1. Summary of Patameicts of Y,(jo) and Y}, .~ “_h )

INPUT L b Vi K r VLo -

sec cps rad/sec db sec rad/sec
R .16 0.64 0.035 0.22 34.5 0.110 1.885
R .24 0.264 0.050 0.314 s 0.104 6.22
R .40 0.214 0,125 0,785 22,5 0.133 12.3
R .G4 0.183 0.275 L3 15.0 0.150 30.3
R .9 0.139 0.58 3,69 6.5 0.139 =
R 1.6 0.122 0.6 3.77 -0.6 0.122 o0
R 2.4 0.116 0.3 1.885 -1.0 0.116 o
F1 0.139 0.18 1.13 10.5 0.139 ~
F2 0.126 0.05 0.314 25.0 0.126 «
F3 0.178 0.03 0.1285 33.0 0.178 o
F4 0.306 0.056 0.352 31,0 0,102 4.90
B 1 0.153 0.76 4,77 2.0 0.153 w0
T 0.107 0.8 5.03 L5 0.107 -
B3 0.278 2.0 12,56 -1.0 0,278 o~
6 4 0.150 2.0 12.56 0.3 150 w
ns 0,128 0.30 1.905 1.1 0.128 -
B6 0.149 0.16 1.005 17,7 0.149 %
B 7 0.156 0.14 C.83 23.2 0.100 17.15
B8 0,388 0.5 3,14 9.0 0.219 6.28
B9 £0.39 120 12.56 N4 10390 oo
B 10 t1.14 0.45 2.8 -11.0 t1.14 o

t Approximate values,

NOTE: Courrespending nomenclature brtween Reference 23

P TN S o Weae
@i L savic wee piven ofe

ARV ANV A

Table 1.
“Refe 23 oo e ﬁ,;." _2n/° b |2,

While the low frequency approximation of Eq, (V1) fits the data quite well, an analytical closed loop
transfer function derived from this equation would indicate an unstable condition at frequencies well beycnd the
measurement bandwidth for some of the lower cutoff forcing functions, There was no evidence of a closed loop
instability in any of the experimental data so we wonld suppose that the operator introduces more ateenuation ar
high frequencies than would be indicated by the applicaticn of Eq. (V-1}. While it is not possible to wilize the
ewnerimantal dara ta find tha high fraquency portion of an approximute cransfer function, it ie possible to “stabilize”
the closed loop system by adding a lag to Eq.(V-1), L.c.,

Ke™

L Ke " V-
(Tyje+ NTjw+1) V-9

Yijw) =

* The bandpass charactesistics B3. B8, B9, and B 10 were trangined down the frequency scale before fitting. In this transla-
tion, the low {requency cutoffs of the forcing function spectra were set at zero.
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If 1/T, ia much greater than any of the frequencies measueed, then-the low frequency behavior of theatransfersfunction,
of Eq.(V:3) can be made the same as that of (V-1) if 7, + 7 is approximately equal to 1. This is.d oAt
the tern (T)jw + 1)), in the region w K 1/7;, will inttoduce a phase shift @hich is essenrially Linsis, and g0 attenus...
ation. The addicion of a simple lag, Tjw+1, is by no means a unique way.to define.the possiblé highgt flequency’ -
behaviors; any combinazion of lags and leads-leading to a stable systen would bosuitablz if they satisfied the
!ﬂntionmhips, . . S - [ e
r+ET-3T, = g
g

1

TOE ke > ko (V-4
i

-

where the 7; are lags, the 7, are leads and w, is the forcing function curoff frequency {or an approximation thereto)
in rad/sec. The single lag represented by T is, however, the simplest form which can be added to Eq.(V-1) to assure
stability and consistency wiih the measured low frequency response.

Unfortunately it is not possible to find unique values of r and T, from the low frequency data. By exame
ining the general ttends of the higher input bandwidth data, we can concludz ihaz the phase margin for the lower
input bandwid:hs is of the order of zcro dogrees, Therefore, it would be faitly rensonable to adjust 7, and 7 to values
jus: consistent with neutzal stability, This procedure can yield only approximate, maximum values of r and T,
However, we would have a reasonable amount of confidence in the results if the values for ¢ are near those values
of r, found for the cases wt re Eq. (V1) was both a good fit and led to a stable closed ivop system. These valucs
of rand 1/T; are shown in Table 1.

Llkind estimated the accuracy of the parameters obtained on his fits as follows:

r = 0.13+,022 sec

. (All low-pass forcing function signals,
K- within £ 3 db ivce, B3, B8, BY and B 10 not included.)
fo within £ 0.2 f,

No consisteny pattern of variation that can be related to the parametets of the inpur signal ware present in the values
of #. From the general trend of evidence cited in Section IV, i.e., r becoming smaller as the task becomes more
“continuous”, and similar trends exhibited in classical reaction time experiments with tasks invnlving either high
motivation levels or short time spacing betwecn stimuli (94, 2nd Edition), it is probably teasonable to identify the

2 H H : smmasiom ofma dalase TRI_ _._..tE2 s 4 .o , . . > .
pure time delay ¢ with the previcusly defined reaction time dclay, This would imply u e fur ceprral processes G

the interval 0 to 0,08 seconds in tasks of this nawure considering the previously cited reaction time components in
Section IV and the 0.02 second variability of r,

€. Relctionships Between the Derived Models and Input Choracteristics

Having obtained analytical describing function models approximating the operator’s transfer chasacter-
istics, the next important voint is to attempt to relate the parameters of these analytical models to foscing function
patameters. I this regard, Elkind has found several interesting results tending to show the type of adaptation to
foreing function charecteristics made by the approxitaate operator models,

The firse relotionship of imporrance is the vatiation of the produce K, for all the runs. As shown in

Tig. 24, Ky is v&iy appiviiamicly Cvisieni uver s wide mnge of forcing function characteristics, e,

Ki, = L5 (v-95)

It will be roted in Fig. 34 that the relationship of Eq.(V-5) is faitly good for most of the data points excepting those
forcing functions with the lasger amounts of power at the high frequencies, such as F i, F 2, R 1.6 and K 2.4. It wili
also be noted that al) of the high gain (K 3> 1), rectangular spectra runs are approxinated very closely by

Kfy = 1.3 (R.16, R.24, R.40 and R.64) (v-6)
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function from his experimental results

. The simplast input Speciva.to work .
with are those having rectangular shapes.
Since Elkind’s Experiment 11l showed that
input amplitude had small effect on the
cloged loop transfer characteristics of the
operator, H, (at least for inputs between
0.1- 1.0 inch rms around a value of /., of
.64 cps) it is reasonable to suppose that the
major input characteristic of importance for
rectangular spactra is the value of the cute
off, fco. A plot of open loop de gain, K,
versus {,,, Fig. 35, for the rectangular forc-
ing function spectra shows that K varies
approximatcly inversely with the square of

feos ie€ey
2.2

K - & V-7
. . (v-7)
l

The RC filtered and selected band spectra
are more complex than the reciangular
spectta, and cannor be described in terms of
a cutoff frequency alone, lIn his search for
more fundamental measures of forcing funce
tion signal characteristics, Elkind noted
that the ten factars which appeared to have
the most imporeant influence on the gain
were the predictability of the forcing function
and its location on the frequency scale.
After trying a series of combinativns with
the experimental results, he found that the
parameters f, the mean frequency of the
spectium, and 7, its standard deviation,
appeared i be appropriate parameters.
These are defined by

The guneity [ is a measure of location; o,
being related to the spectrum wideh, is a
measure of predictability. The produci a,f
is directly proportional to f2 for rectangular
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spectra, and a pood fit to the data of K
versus oyf for rectangular spectra is

(Fig, 36)

K oe '0.'*5‘9 T (V-9
0[{ .

Using Eq.{V<9) to compute a calculated
gain, K., for all forcing functions resulted
in the data of Fig. 37, Here it will be
noted that the agreement between measured
and computed values is good for forcing
funcuions having Inw pass charactaristics,
but is poor tor the bandpass spectra
(dashed lines).

As the mcan frequency f of the band-
pass forcing functions becomes greater, the
difference between K and K, increases, To
explain these differences Elkind developed
different weighting values for the various
terms in Eq. (V-9) involving { by consider-
ing the bandpass data alone. The effect of
{ was isclated by ploting the measurad
values of Koy upainst [, as shown in Fip. 38,
The poiis faom Fig. 38 were thea fitted by

K -~ —38_
u,e7’°'!!

(V-10)

{1

kLl

il

L L Loy —_— .
0 80 100

Ve lxm)

Figure 36. Measured Gain, X, Versus I/'(a/i)

This new expression was then used o compute gains for all

inpres, called K7, which were compared with the measuored values

{Fig.39) This curve provides the best fit to all of the data that

Elkind was able to find.
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Figure 37. Measured Gain, K, Versus 0.39/(a/f) for all Inputs.

(Fig. 5-5, Ref. 23)
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for Recrangular Spectra,

(Fag. 9ed, Ref. 23)
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vigure 38. Measured Values of Koy Versus
Measured [ for Bandpass Spectra.
(18, >-0, Kef. 23)
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All of the experimental fits obtained by
Elkind throw a considarable amount of light on
the adaptive behavioz.of the analytical model.
It is comforting to note that such simple expres-
sions define thé obséived transfer-behavior so -
well, On the other hand, we cannot be suze.that - I
other parameters may not be equally “significant” J
as, say, o7 and [ in the role of fundamental
patamezers defining the forcing function charac- U
teristics. Flkind tried many variations, with the
best ones being those shown above, hut he by o
no means clains to have been on the recciving
handset of a straight line to the Supreme Servo- o
mechanist. Therefore, the experimentally
derived relationships reviewed above should be . = 1
considered with due care and caution,

LY

Figure 39. Mecasured Gain, K, Versus the
Parameter K = 3.8/(q; £7/0.38)
(Fig. 5-7, Ref. 23)

d. Attempts to Apply Conventional Servo
Criteria to Elkind’s Results

The experimental results obtained by
Flkind are especially significant in that they
indicate che general sort of way in which the human operator adjusts his parameters as a funceion of forcing function
conditions when in a compensatory task with no controlled 2lement dynamics, In particular the data express, within
the limits of the experimental situation, the results of the operation of some optimalizing criterinn ipternal to the
human. With chese data extang, it is now of great interest to detezmine the correspondence, if any, hetween the
types of criterin used by servo system dusigners with those adopted by the operator in adjusting his paramctess.

Servo desipn criteria exist in many different forms, but the type most easily applied to systems analogous to
that of the human operator tracking stochastic inputs is one involving che minimization of the mot-mean-square
erzor. There is some reason to believe that the humun operator may be relatively sensitive to such a criterion since
one would suspect thar he

(1) attempts to minimize the ertor (his input) in compensatory tasks;

(2) doesn't care about the sigu of the error, at least when he possesues no knowledge of instruction
about positive ertors betng wares chan ggsggft;: valuss;

{3} tends to give larger errors more weighe thau smaller ones.
On this basis the application of the rms error ninimization criterion to human operator results might possibly be
rcasonable. In this subsection, therefore, we shall vuiliue the results of an rms minimization problem for a simple

servo having approximately the same characteristics as Elkind's analycical model. The actual experimental results
can then be compated with the analytical rms minimization model,

The analogous servo system will be as shown in Fig. 40. If the remnant, i, is not linearly coherent with the
input, (¢}, then, by using the methods leading to Eq, (I-58), the error spectral density will be given by

1§ IY 2
O = Iuvl"’“*,z;y

il
Dpy. = l'Iii o, e, v-11)
1 N Py €

As will be shown in the next subsection, a reasonable representation for the neise spectra will be (if referred to
the operator's input and if only the lower four rectangular input specia are considered) white noise with a magni-
rude 0,,,,((0). Also, for the rectangular spectra 9, can be represented by a spectrum characterized by ¢;,(0) extend-
ing to the cutolf frequency w,. Then, since the mean square error in general is given by

< l o~ l - 1
¢ = 3[aOlpd] = T [TOelwldo = o [y Cee(wd des (v-12)
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Figure 40. Analogous Servosystem to Elkind’'s Simple Tracker.

that for this particular case will be

- 0, (0} (“kopy2 4),.,,
2 = ———'2'" L L%ga J'N|H|1dw

The approximate open loop transfer function, Y, , for the lower four rectangular spectra is:

_Kem®

Y (7°]w+ I)(T,)m+ )

In the frequency runge and for the quantitics of interest this can be approximated by

. Ken o KO-re)
r T+l = +Tyja+1 ja)

where ' - r,/2, |Y,|* then becomes
Kl

[ P S, M

%l? = 1 (Tye?

The closed loop transfer function ! will Le

H = Yoo Kil~1jew)
T reY T (0T je1 v i) + KU - Fie)
= L o 1-rfw
R T+ (1= K) i
0Tt NV iw or 3
* K+1 (]6))
_ K _____l-r',’m
T 1+K 204 ”_'!
l+—£’£-(_“i]
. Wn Wy
where:  of = Ked, oo Tl K
M 3 To PO 2v’I‘o r‘(K+ l)

The magnitude squared of the two m\nsfer functions of interest, H and H/Y, will then be:

g
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Using Equations (V-18) and (V+19) with (V-13) yields che following for the meun square error:

- d(0) (*° 1+ (P K20, (0) (> do
¢ = 0s K7 [ © zr 2w 4vr(l(+l)3[ l m”' [2{0‘ (v-20)
0 t- ["‘_’l;] l A - ._“;w : :‘;"?
* © Ki0, (0)
= °u 0 an,
@~ oty Ry S « R Y (v-21)

The first term, involving the integral Mw,.), is the mean square error in following the input; the second term with
the integral 3, is the mean square error due w the noise. The next step in the procedure is the evaluation of the
two integrals, Maw,,) and §,. The integral ), is of the form

dw 1 gnlw) de
D, = ol S s ] V-
) 2"]] I ( mr r Izé""']2 2nj Lr B o) (V-22)
-0 1- Wy ’ L iy
where bnlw) agus "l“‘ml et 1 dp

gnla) = b‘:mz"'z + blmz""d cev 4 b

Integrals of che type shown in Eq.(V-22) have been evaluated and are shown an page 369 of Refeience 44, In this
case, n = 2 and

ko by
o o.
Ny = (v-23)
2a,a,
- Vs (w) .2{w . ) .
JEHLC AW = -[“w“‘J 1‘]_‘0" +1 ana 8n\w} = 1
n
2¢ 1
ds = = a = - =
0 Z‘z ’ 1 1 w, ' a,

then .
1 Wn
3, = 7 = ——4’_{ (V-24)

‘Lurning our attention now to the integral Jlw,), and letting & = w/w,, & = Gy fun

ac z
3a) = mn[ 1+ (Tyana)

) (1= s @Cai%® (v-25)

This integral can be broken into pantial fractions to obtain standard forms. After alxebraic manipulation,

1’5—3(a) = [+ () ]%'-——f——- da+ 4[ L Ve vezs;
¢ et 1= 2iCa~dd 1+21§a Ja i i- ija 1+2f{a+a’ a 4ol
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These integrals are both ataadard forms found in the integral :oblea (e.g.. Pierce {68. 72]) Afm mota grmdmg
the answer becomes: s ; "

e} = c[l-r(‘r,ua,.)’] ""—‘-(-:r T —\,é'_‘;z[l (‘l},m,.)‘] tan -l%‘.;

The total expression for the ms etror, made up of Equations (V-21), (V-24), and (V-27) isa fauly complex :esult.
To simplify the expression, we can testrict the resuls to be applicable only to inputs R.16 through R.64.* Then:

. :
(w » 1; K> 1; [ﬁ} «1 (R.16-R.64) (v-28)
\—n

so that

;. K+l . K
Gn = e vy end

2. [ar-K) | T, K .
@ T TRl T 7K (v-29

The much simplified expression for the mean squate error then becomes, within thesc zestrictions

-, Qﬁ(O)‘uc:o To ¥ . %1(0) kY[

¢ = [?] T4 ?;}I .x} (v-30)
or, letting A = K/T,

_ @..(O)L-m] 1 w(m[ A ]

¢ = [ e Jet Td li-ra (v-31)

At this point, the rms erfor can be differentiared with reepect ta A und the result sec equnl v zeto,
This operation will give us the <riterion to use in adjusting the analogous servo zyst=m so taat #? will be minimized.

5 40, (0} ., (0)
dd o . TN e (V-32)
dA ok (1-r'A) '
4ed P 0
If a new parameter, 3, is defined an B = 4o, 2l 0) v Eq.(V-32) becones
7dy, (0)
MBIl Zfrh-8 = 0 (v-33

From the experimental data for the remnant term considered as noise at the inpur (sce the next sub-
section), the approximate value ot Oy {0) for R.16 through K.64 is,

Yn O = [ Pudf (V-34)
Also, for rectangular input spectra
Foudf = [0 0d = 000, (V-35)

The parameter B8 then becomes

L ()

* This point is the firat piuce where it was accually necessaty to trestrirt the expressions to these cases for analytical sim-
plicity, withough we had already takes advantage of the impeading simplification in considering the noise essentially white,
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The actual roots for A from Eq, (V=33) are therefote functions of Geo and 1'. lowestigatiog- these foots.
for the values of we, and *'corvesponding to the first four rectangulae spectra qucing fum:uans revealy ;hu;

approximate root is given by the las: term of Eq. (V-33) divided by the next to-last, i l.e., e

B _ 1 _1 - el

Axétz,—ﬁ?=§7=; (v=37) ~

To the extent that 7, is coastant, this result is independent of the bandwidth of the forcmg ‘function, Ftom the
definition of A [see Eq.(V-31)];

.Y i
Al""?ﬂ'"’,‘lr

or, since Ty = l/(2n/°). and the average value of 7, for che first four rectangular spectra inputs (.328 seconds)

1 . 1

Kb = 50 ™ 30330

= 0.5 (v-38)

If the Elkind data for R.16 through R.G4 are used to establish a trend, the result is

Kfy = 1.3 (V-39)
\
The corsespondence between e genesal lorms of Eqeations (V-38) and (V-39) is quite srartling — to the poine of
buing misleading. The above results are based or simplifying assumptions in formulating the mean square error,
It should be noted particularly that the measured mean squate €rrors du not dgtee well with thuse computed Ly use
of (V-31) for R.16 through R.64. The crux of the answers of Fq.(V-38) and (V-39) involves three relatively simple
steps. These are:

(1) The assertion that A;* 1/(2r) is un approximate root of ¥ — Br'éA+28rA- 8 0
(2) The value used for r in the expression K/, = 1/(2ns)
(3) The experimental values for K.,

When one realizes that the methods of obtaining values of ¢ for the first four rectangular spectra were selatively
crude, and that the accuracy of the data of the acat scction yiclding @, , which is iuvolved in 8, is subjcct «o
snme question, etc., the fairly close correspondence of Equatiens (V-38} aad {V-35) teuds o lose significance,
Howeves, aven a difference of a large factor in the two results would still give one a cunsiderable amount of in-
sight into possible behavioral criteria and it is in this sense that the entire developmert is considered interest-
ing. While it would be too much to say that the operator’s criterion deipands that he attempt to minimize the rms
ertor, it is probably possible to state that the actual criterion used by the operator gives results whish are similar
to this one.

To put a pedagogic intcrpretation on the foregoing development, it may be considered to be a theoreti-
cal structure for evaluating subsequent tracking data. In this regard, first Phillips and Sobczyk [44] and then
walston and Warren [88] have applied mean square error techniques to the interpretation of tracking dara in terms
of sransfer functions. lu 1943, Phillips and Sobczyk made the assumption that ¥, = iKe™[(Ts + 1)/s] and then ned
the rms minimization concept and stahility etiteriaro derive aided rrucking ratinc. Waleton and Warren esnousaed
an a priori linear plus noise model in which the describing functiou had the came form as used by Plulhps and
Sobczyk. Then by comparing theoretical with measured mean squase errors as well as taking scubility restrictions
into account, they were able to determine fairly consistent values for the parameters of their model after an exten-
sive and careful series of experimenss,

2. Russell's Simple Tracker

Just as Elkind's exper--wents represen: an inpressive attempe to study the effects of forcing funcrion
characteristics upon 2 simple control loop with a human operator, the work of L. Russell is an elegant effort to
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was effected.

Rusecll s expenmental setup consisted of an oscilloscope dxsplny wherc the deflection of a vertical ™
line from the center of the scope was proportional to a function of the system error. The i input ‘signal consisted of
the sum of four sine waves selected to avoid harmonic relationships. The mechanism used for gene.ating the inpie
could he rn at three different speeds, with the reculc of a speed change being a proportional increase or dectease
of che frequency of each sinusoidal component while leaving the amplitude unchanged, Table 2 and Fig. 41 show
the vatious components of the input, with the amplitudes of each sinusoidal component being given in terms of
inches ms deflection on the oscilloscope at normal gains. These forcing function forms, while not as general as
those used by Elkind, still resulted in a signal whick was random appearing to a high degree, The error signal

Table 2. Characteristica of Ruasell’s Forcing Function.

INPUT COMPONENT.ove.eecececnenne F F, Ay Fy
AMPLITUDE (inches rms).......... 0.78 0.52 0.29 0.20
FREQUENCIES B
Low 3peed, <ps... 0.118 0.192 0.287
rAA/SEC covevrreanceniasonacnen . 741 .21 1.80
Medium Speed, eps.. 0,108 0.268 0.457 0.679
139/S€C caneeeeeecreane .66 1.68 2.87 4.27
High Speed, cpa ... ... 0.220 0.563 0.960 1.43
FAA/SEC cevenecnrirnnsraranermons 1.38 3.54 6.03 8.98
s {rad/s0e)
_ o . 0. 16 13 Gz ereNE »
]
2
~E: 120
3 .°'9° .°'~L’ .‘o
- - Al Y S
; ’ ﬁ%\# N S— —g
? e F b1
i 3
} - € Lov Speod Roms N (i)
A } 8, Mediym Speed Runs
- ™~
i, T High Soued fum N‘*n\" 3
3 KOTE: The sctuml spectro conaiss 1 qq .
s nly of the d:fe'ynlnn.. {‘Z'/'é{n)i:‘} e ‘]h q :
4 E
1 ] =
! ) [ ] | s

Figurc 41, Russeil's Power Spectra of Low, Medium, and High Speed Forcing Fuactions
and Approximate White Noise Thru First Otder Filter “Equivalents”.
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Figure 42. Pussell’s “lrucking Apparatus.
(Page 29, Ref. 70)

was generated by subtracting a function of the opeator’s output displacement from the forcing function. Phyzically,
the tracking control was like a cor.ventional aireraft contsol “wheel”, operated in a fashion similas to thac used in
coatroiiing aiierons (Kig. 42).

The apparatus was set up so that both the system error and the operator’s displacement signal couid be
operated upon by selected transfer functions. This arrangement, shown in schematic form in Fig, 43, allowed
Russell to vary .he controlled element dynamics in various ways.

The controlled element transfer function, Y, is the product of the transfer functinns of the pre and post
filters. so the difference between post and pre filter positions is not important in the closed loop stability sense 25

i(e) 0 “PREFILTER" ' (1) *POSTFILTER" .
- : tojusTasLe | MUMAR 2 (ADJUSTABLE all
SYSTEMT  SYSTEM DYNAMICS) " loreraTor |  pynawmics)
INPUT | ERROR ouTPUT

Figure 43, Block Diagram of Russecll’s Experimental Setup,
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long as the operator behaves in a reasonably linear fashion, However, in terms of pamculur snghal chaxactens'tiét,
such as the tms ettor, xc is xmportant 10 ogte. the dmsnon 1

-~In thc-mmplc tracker gase neither of the filters 3
in the-form of Nyquist d\agrams, these have been transcribied into" the | Bade dxagmm ‘Yot
cutve fitting-procedures as wéll as for consistency with thé 7est of thisrepoit,

" - Averaged data for four low. speed (0,277- 1.8 nd/sec) sunple teacker runs arc_shown in Fig. 44, taken B
originally from Russell’s Figures 15, 33,35 and 36, §veraged ‘nedium speed (0.66- 4,27 rad/sec) deta from hine runs
(originally Russcll’s Figures 11, 14, 26, 29, 30, 32, 34, 41 and 42) arc shown in Fig, 45, Finally, a single high speed -
{1.38- 8.98 rad/scc) run is given in Figure 46 from Russell's Fig. 20. All of these runs were between five and seven
minutes in duration, :
)

It will be noted cn tiw figures that the daca huve all been fitted by transfer functions of the form |

|
Ke™(Ts+1) Ke™*(aTys +1) |
L= (fis+3 ~ (st 1) (v-40) ‘r[
f

Unfortunately, the existence of but four data poiats for each input characteristic is a ~evere hardicap to the ana-
lyst interested in finding analytical models which approximate the data. Of course, the selection of the simplest |
form of transfer function, consistent with all the data of the three tuns, leads rather ditestly to the form given in i

w (redd/nse)
0.0 LAl 1.0 2. 3 4 S sTA 100
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Figure 44, Russell Simple Tracker, Low Sgeed Yorcing Function, Averaged Data, %
(Source: Ref<rence 70, Figures 15, 33, 35, 36) !
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Figure 45. Russell Simple Tracker. Medium ©peed Forcing Function, Aversged Daca,
(S::.‘.‘.‘.'g.' R:’l':n:lu.l: 70, Figure:r lf, 14, LTS ;r, ;:. ::. _’f, l,', ‘?}

Eq. (V-40).* However, with the exception of the high speed data of Fig. 46, the amplitude ratio points do not define
clearly the location of the break points. As a consequence of this shortcoming it becomes necessary to make some
reasonable assumprions. Therefore, it was assumed that the values of 7, would be the same for all runs and that
the closed loop transfer functioas derived from the fitted medels shuila bs srables Then, the superpesition of the
data for the three forcing function conditions on top of one another lead to the caaclusions thae (with the above
restrictions)

KLO'SPEED > KIIEDIUN sperd > Kuign speen

ByiGH SPEED ~ @MEDIUM SPEED 70w ,PEED (v-41)

The observations of {V-41), together with the possible necessity of a lead term for the high speed run, are actually
the most significant characteristics that can be obtained from these data,

With all «{ these items of informdtion, the data points can be fitted quite well by tcansfer functions of
the form given by Eq.(V-40). The value of #,, howeve:, can be varied over o fairly wide range without seriously

*Only the single High Speed run demunded a lead temm [or & good fit. The other data were fitted equally well by a simple lag
form similar to Elkind's. Transfer functions obtained using the simpler fit were: Low Speed, 56€%2%/13/0.105 + 1); Medium

Speed, 106 ™"Y/(5/0.55 + i); High Spend, 26 *¥¥(s/ 1,0 +1). This lust fit was quite poor relative to that gives in the body of
the report.
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Figure 46. Russell Simple Tracker, High Speed Forcing Function, Averaged Data,
(Source: Reference 70, Figure 20.)

affecting the transfer function form, i.e., {uiciug unc to complicate the transfer function with an additional lag or
lead. Since we have no real basis, in Russeil’s cuse, for deciding which data points were more accurate than others,
one should probably assume that all were about equally good. The single high spead forcing function run then had
the most influence on the selection of the ranges of 1; i.e., a value of 1, was selected that would be consistent with
a residual phase, which was derived from the form of the amplitude ratio alone, that did not go over zero degrees

for any of the {rcing function inputs. A 1, of about 0,3 seconds was consistent with these requirements,

With the value of 1 selected in this somewhat atbitrary fashion, “residual” phase points were found by
subtracting the phasge of 27039 from the measured phase data. These residual phases are shown in Figures 44, 45,
and 46, The residual phases were then fitted with the aid of a simple template for lag-lead transfer functions,
giving values of @, 1/T; and 1/7}. The amplitude ratios consistent with these pataweiers were then diawn in and
the gain K deteimined. The general adequacy of the fits is apparent from examination of the figures. Table 3 lists
the values of the fitted parameters, It should be noted again that this sumewhat tautological fitting procedure is
necessary because the measured amplitude response is not capable of defining a residual phase with sufficient
precision so that f; values may be detesmined from the slope of fiww versus w as in the case of Elkind's data, This
pioblem will recur when we examioe the Franklin Institute data.

The reader should carefully ncte that the numerical values assigned to the transfer function medels are
oniy valid for 1;’s of the order of 0.30, and the selection of this value was made upon nebulous, though intcrnally
consistent, grounds. If the single high frequency point of Fig. 46 is ignored, it is possible to obtain equally adequace
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Table 3. Recapitulation of ‘Analytical Transfer Funetion
Chasacteristics Derived from-Russell-Data for 7= 0,30 sec.

e

T INBUT v v, a K
Low Speed .......... 0.103 13.5 . 0007 525 .
Medium Speed........ 37 5.0 074 11.0
High Speed.......... .62 3.7 167 2.0

iits to those shown in the figure with a value of r of ¢.20 second of below, witheut having to add terms to the trans-
fer function of Eq,(V-40). This conclusion, and the selative otder of a and K vulues, are really all that one should
coasider important from these fits to the data — the actual numbers in the analytical describing funceion, with the
general structure described above, are subject to the whims of the analyst doing the fitting.

Ciic final peint should be noied — the above data would also be consistent with a traasfer function form

Ke™(Tys 1 1)
% = Ts+NTys+ 1) (v-42)

if 1/Ty > 20 rad/sec (for the high speed input sun) and 1/Ty > 7 rad/sec for the other two; and in addition,

r+ly = 1 £ 0.30. On this basis, the valuc of reacrion time could be adjusted downward from 0.3 sccends to some-
thing between 0.15 and 0,25 seconds. Further
teduction would not be too compatible with the data,
The form shown in Fq.(V-42) is somewhat more
desirable than that of Ey.(V-40) since Y, goes 1o
ze1o as s goes o infinity, as it should from physi-
cal considerations. Bouth furms are, of course,
equaiiy appropriate approximations over the fre-
quency band of measurement.

3. The Fronklin Institute Simpie Tracker

The {iuni aci vf simpie vscker experie
ments were performed at the Franklin Institute as a
prelude to their tests on the description of human
pilots in the control of aircraft. The test apparatus
was much mote elaborate-than that used by other
investigators, consisting primarily of a cockpit
mockup (Figvtes 47 and 48), an analog computer to
generate controlled element dynamics, and sundry
data reduction u-d forcing function gear [31],

The simularor cockpit contains a § inch
oscilloscope whnich presanted. for the simple tracker
experiments, a display consisting of a fiduciary
cross hairs and a pip representing the pitot’s carget.
The operatot’s contro! was a conventional, spring-
losded, airceaft type control stick whose feel had
been designed to simulate loads on an F-80A stick
under the conditions of test desceibed in Section
Vi-D. The static characteristics of this contzol are
shown in Figure 49. These static characteristics Figure 47. Interior of Cockpit,
ae vaiid representations of the stick dynamics to a Tranklin Institute Simulator.
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Figure 48. Cockpit and Computer Racks, Franklin inatitute Simalator,

frequency of about 35 rad/sec in aileron and 90 rad/sec in elevator,

The forcing function was gezerated by ¢ white noise sourc. feeding thecsgh a shice section RC filter,
Biving a high frequency srrenuation rate of 60 db/de. The corner frequency of the rilter was adjnscable 1o values
of 1,2 and 4 rad/sec at continuously adjusrable tua voltage levels, The syscem ecrof was twe dimensional, consist-
ing of an azimuth and elevatior: enici Jesived froin subtracting functions of the aileron and elevator contr! pesitions
from the forcing functions.

In the siwple trackes expeiineats the sivulaior was instromenied 85 1 stick conuelied srac.iag device
with a two dimensional display. No aitcraft cont.ot dynamics were generated, Each of the rlue. furcing function
bandwidth conditions were used. The forcing fuections had approxim=-ely equal statistics in both aileron and ele-
vator, and cach had an amplitude of 0.6 jnch s on the oscilloscope. The contiol pasameters were 1.2 inches CRO
daflection per inch azimuth stick movement (at the rop of the sti k), snd 3.2 inches CRC deflection per stizk inch
in elevation. The stick hand grip position was about 28 inches from tae pivot noint and the subjevt was about 28
inches from the scope, so the above control ratios are numerically equal whrther expressed in degiess ¢ aiches.
The stick forces were 25 shuwn i Figure 49, i.e., 1.35 IbAegeec aileten and 13,3 lbilegien eievator, Two cxe
perienced subjects tracked all forcing functions in the presentation otd-.: of 1, 4 and 2 rad/sec bandwid. s, trecking
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Figure 49. Franklin F-80A Simulator Characteristics.

in elevation and azimuth simultaneously, Each run lasted two minutes, with a three minure pause hetween runs.

While data from both control axes were available, only aiieron controi was anaiyzed, and of chese one
run had to be discarded due to data reduction difficulties. The remaining experimental data are presented in Fig. 50.

It will be noted on the amplitude ratio data that there is a wel!l defined lead term within the bandwideh
of measurement, and further that a high frequency lag outside the measurement bandwidth will Le nec=szary for
stable operation if the phase duta is extrapolated in any reasonable way. Therefore, the simplest transfer function
Koo ¢ malinenr with stability and fitting the data will be

Ke™(T;s + 1) Ke™(aTys + 1)
(Trs+ VTys 1 B} (Trs+ WTys + 1)

YG) = (v-43)

Foilowing the general procedure noted previously in the discussicn of the Russell data, the analytical values of
the tiansfer function approximation were detemined. These are summarized in Table 4.
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Table 4, Recapitulation of Apalytical Transfer Funcsion Chaxpcteristics
Derived from Franklin Data, :

3

CORNER FREQUENCY OF . o
! VSR, SRV, S

FORCING FUNCTION SPECTRA .
1 Rad/sec 004 '1L5 0.5 0.15 100 0.8
2 Rad/sec 1 4.55 z.0 .20 40 W55
4 Rad/sec .2 1.2 3.0 25 1% 067

C. HUMAN OPERATOR REMHANT CHARACTERISTICS IN COMPENSATORY SYSTEMS
WITH NO CONTROLLED ELEMENT DYNAMICS

1. Linear Correlations

Since the concept of a describing function is so similar to coramon transfer function usage, the reader
probably has accepted this notion readily, On the other hand the remnant, which is by no means as familiaz a
“praperty” of system elements as the describing funceion, although quite as important, may require additional dise
cussion. This lack of familiarity arises from the natural translation of 1dcas ubov lincar systems, where the rem-
nant 1s zero, to quasi-linear systems where the remnant is not zero. Tu help oven e o ihis defivicne sa b

devoted u portion of Section 1M of chis report to che definic’  of tero s and v a e o0t mab . FATIR
the remnant. Remnant description is exttemely importan: .5 e fu- R AT LR o S L TR LR N
operator deseription, for if die temuant 1a lage it wunt t. "o s oo rvoen theoriv. 20 poe
complete.

It will be recalled from Section III thae the 1 - o1 cotreinr *n was u aizgds wd meamng! «
the ratio of linearly correlated output to actual outpur. i+ ~hemrorr, - ienus of ciused loop chivacy 10 G,

operator output power deusity spectrum was given by

D

<

c — IHE®, @, (V-44)

where the closed loop describing function, H, for a simp. +.acker - ot Y/(1 + Y} The linear correlation squared
was given by

HIR Ry Tn
= = - (v-45)
e @ &,
o: in terms of cross-spectra as
Il
1 = (v-40)
P
q‘il ‘!‘cr .
Physically p? is the ratio of the output power deasity which v iin rly caherent with the inpur =~ the raral output
power density. . TN [ 1 1 %
- . . M B A ‘l;fll
It will alsc be reca’!~d that che total remsant v «to  sources wzg lumped into the term P, B, &
. . z
physically is the power spectral density of all of the opera = - wut which cannot be explained as the resui. of 3
a deterministic linear operation on the system forcing fun = .. - chief intecests then, in the discussion of the H
remnant tern, will be the ! near correlations and the @, ¢ i

Unfortunately, the Feaoklin aad Russell simpi- ¢+ cxperiments did not include a thorough measure-
ment of the remnant. It is possible, however, to note from . « - s dar- “or an isclated point or so, and from
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(Ref. 23, Figures 4-7¢c & 4-8¢)
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2. Remnant Dato ond Aﬁempﬁd Eipluﬁuﬁﬁn:

thae che transfer function may be rionlinear, but the actual-test: ns wh-:hex of
istic is dependent on the input amplitude. Litele would be gained frofa: an‘at
departures of p from unity without a very thorough and extensive investigation into the data gnthenng. reducuon,

and processing errors. On the other hand, data with lower linear correlations should have some reasonable explan-
ation if they are to be considered indicative of linear behavior. Our major attempt, therefore, will be to provide
possible explanations of these types of data, Our attention will be confined to Elkind’ s rectangular forcing function
spectra since they present the simplest overall picture and wiii he easiest to deal with, Flkind's results for the
total closed loop remnant, 0,,,,/[”13"4’/ for these data are illustrated in Figure SS.
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Elkind notes that these data can be {itted very asproximately by the re! .-« a*

q’m([) . :‘3 . ’ . W
0 .4 50
R T -

where the parameter £ is of the order of 0.8-1.0, and f, is about 1 or 2 cps. Het . ur notes -

{1) None of the @y, spectrn exhibit resonant peaks of significant magnituc . . her in ta- cara presented
or in those obtained from single runs with any of the subjects.

{2) The bandwidth of the closed loop remnant does not increase in any = . . : proporion, . way with
that of the forcing function, i.e., the remnant bandwidth, given by /., goer .+ b 1o T, cov as
feo increases from 0,16 to 0.96 eps, and thea stays at abous this same wvalue as the = un ~ .-

bandwidth increases to 2.4 cps.

{3) OsciMograms of response and direct observation indicate that the human operator's re-. ~ises
hecome more erratic and variable as the forcing function bandwidth increases.

While these comments are not solutions to the problem of remnant description, they do offer valus!-ic clues for ana-
lyrical follow-up.

In Section Il we noted that componrnts of che remnant could result from four possibic :carces. In the
present instance it appenra reasonable to reject the possibility of the operator responding to othe: it tae supposed
system inguc e heing highly unlikely.,  Although a nonlinear operation on the forcing funcion ts - ; “isibis explana-
tion for samc of the noise power, the results of Elkind’s Experiment 11 fortunately indicate that se-i - voriincarity
is a minor factor at an [, of 0,24 cps, Furthermore it would be desirable to save as much of the u: er-tiness of
quasi-linear description as possible, thetrefore alternate cxplanations of the emnant will be thorou '+ examined
for their applicability in the hope that we will not have to consider series nonlinear effects. 'This ‘+uves us with
the following temnant sources to investigate further:

(V) Injection of noice which is not correlated with the forcing function into the
loop, i.e., is unexplained by any linear or nenlinear correlation.

{2) Nonsteady behavior of the operator, i.e., essentially random variation of
operator characteristics during a measurement fun.

The general analytical background for both of these possibilities was developed in Section IIT. Sinc: > have no
way of knowing which source, if cither, is dominant, our only recourse is to lnok at each seprate!; .1 assuire

thut alf of the remnant is due solely to that particular source, We are not in any way implying tha: « . an all or
none explanntion necessarily prevails, but we use this approach since any theory based on u mimure « iefeces leads
to hypotheses for which we may have no experimental check.

a. Noise Models

If a portion or all of the remnant term were duc to uncorrelated noise injected into the locp e poiat
of injection of this exiraneous signal could be almest anywhere within the human operator block in the ek diagram.
From the standpoint of the measurements, the operator is considesed to have only an input and output t« :inal, and N
the experimenter can measwe only the effects occurnting at the Guiput. The exact source wichin the ope- :.or blacl g
and the spectral form of the components that wonld make up the overall signal are therefore impossible 10 ivtermine
by experiments! :echniques based only upon a two terminal model.

* Later, whea we desige a fit suitable for simpler interpretation and expression both as spectral density and autoco. - :tion we
sin ‘I; wl
YT
fir as that given in Eq.(V-50).

2
shsll use 2 form [ ) . With T allowed to vary with forcing function conditions, this latter torm provides jus - : vluse a

T el 02 12
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On the othet I« |, it ma . ' & possible, by the following process, for us to derive some equivalent madel ~ ~
for noises inserted at varic - places.

{1} Con® 'rting the  '»8¢d loop remmnaine term into equivalent ofien loop spéctia
Injected . varions - ¥ats, o : - Co e

(2) Aw. pting o ~lop, fram other daca_nnd reasonnble assumpiions; a Suigable
aprinedel havit | w'milar specttal charactaristics, )

The first step of the proc- ss is simple vtwugh, and is independe € the second in that it gives answers to the

question "If noise were zcted by thi: 5 rator at a pareicular - form would it take?” ‘The sccond step, . _
no matter how success® ® # model is d- 7. ed, must be conuid.-- - snly an “equivalent” hypothetical model
at best. Such a model, . vever, is mu-'  stzer than nothie ' may be as realistic in describing some of
the operator’ actions »  the describin. | action is for o
To obtair . - idea of the po:., forms & . . caken by an injected noise, the remnarnt term is
firsi converted to an of n loop form, T .wo simpl- .- - - ¢o find are those corresponding to the cases where
(1) 11 of the closed fui o remiry o sssumed to be due to noise injected
i, ' 1% operator at iis o putt Lo spectral dersity of this open loop outpur
“rr will then be
Pun, = 1LV, “-3'!‘.... ,7, (v-51)
/
Ty (2) Al of the closed ke - remnant is assumed to come tiom noise injected by -
\ the vperator at his snpu . -he poawer specrral density of this open lood input noise
1 will be

on

Vg (v-52)

<£ht‘ values of d’nn,/’]o:@..dl and Pp, /) Iom'l‘.. 17 Jor Elkind’s rectangular spectra have been computed using his expe.i-

¢ puentally determined values of Q’,.../[:"(D"d/ © .55 Y (Fig. 29)% aad H {23). These are shown in Fipwres 56- 62,

{ pExamining the form of these plots, it is imn- * ~i~ly apparent that no one simple spectral form, even with adjustable
parameters, will fit all of the data well,

i

3

-‘: The (l’_.,,,‘ cutves for K16 to R.G4 - .wed as a whole, appear to be fitted best by a horizontal straight

‘pline at about 18 db. If the By, values for th - irput bandwidthe have any experimental significance (it is certainly

‘ppossible thar they do not have much signific.. <, for ), in these cases corresponds to about 5% or less of the out-
put power and the experimental inaccuracies v ncr well known), then @, for these cases appears ro be approvi.
mately white over the frequency range of the ‘.. ing function and has a de value of about

4

Y

v
3
i

G (00 = Lif d.df (v-53)

R.16-R.64

‘ Cor e iy celangular input specera, i1 b frequency level of @, increases, with the higher frequency
behavior tm g+ i mnee aliphtly towa T - o g chore q)""'lnu might even be fitted with the form [1+(Ta)?]%,

The 'b,mcdam' are somewhat mo.c « ron i o < 0se for Dy, but not to the point that they are easily
sceptible to a ficting by a single simple araty.” ! forrr. 5: will be noted that the general behavior of the L
ta indicates a decrease in the low frequency i-ifweude i+ ' and an increase in the bandwidch as [, increases.

After trying a wide variety of analve: -+ forms v+ “w attempt to fit ail of the ®,, data with a similar
tity, it was concluded that che form [(sin ¥« /%) (2wl +.1s the most generatly appropriate approximativn. The
ata of Figures 56 through 62 show the restlts of thi. i and Table 6 summarizes the fitted parameters, The
acy of the approximation is vasiable, bt i 1 "s'zly . d for the higher bandwidih forcing functions which are
in concern, Figure 63 shows the interess:ay a.d 5o ‘¢ variation of 1/T, versus [, for this model, i.e.,
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Figure 56. Remnant Characteristics of the Elkind
Compensatory Experiment R.16. Rectauguiar
Forcing Function Spectra: tms amplicude = 1 inch
and f, - 0.16 eps. Fitted: [(sin 4aT)/(BoT}.

(Reference 23, Figures 47, 4-1..)
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Figure 62. Remnaas Characreristics of the Elkind
Compensatory Experiment R2.4. Rectangular
Forcing Function Spectra: rms amplitude = 1 inch - 80
and [, = 2.4 cps. Firzed: {sin KT/ (BT, 0.02  0.0% 0,10 0.5 1.0 L

(Reference 23, Figures 4-8, 4-12.)
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Table 6. Output Noise Parameters Obtained by Fiuing Gy, with 2'120..:[' Gl ]
. . . N [
2 FREQUENeY. e :
\TEM _..ﬂ"fzég?i‘iﬁ._ e T
DC VALUED DC vALOE . FIRST.ZEROY . .~ .
(db) © - ~(linear) TR - Uy
52,5 420 0.19 5.26
42,5 133 30 3.33
22 12.5 56 1.79
+14.6 5.40 1.05 Ro5)
+6.5 2.13 1.40 715
+1.5 1.20 2.1 475
-20 .74 29 345

t Actual data derived from curves of: |YI¥/IH12, 1‘,.,,/]:‘0,-,-4{/ = Q.
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Figure 63. Variation of Frequency of First Zero with Cutoff Frequency
for Elkind Rectangular Forcing Functions.
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Singe the assumed [(sin %o T)A%eT)P foua sppeats @ yield _; fgixlx,_xcakbﬁépg:{iﬁ{ . des
see whether comething equivalent can be derived on an a priori basis: “To-do this wizhall assume that* -

(1) The humsn’s output response, (1), van be approximated by a series of discrete steps spaced 7,
seconds apart. Each step is assumed to consist of two components

(a) A pax, Aey(0), linearly related to the forcing function.

(b} A part, nlt), represanting rendom error or noise in the discrete step which
is not linearly related, in a deterministic fashion, to the forcing function.

2 Theacis: componcat of cach step is independent of ali other steps.

(3) A sort of Weber's law type of variation applizs to the overall behavior, That is, the mean squate
error in the discicte step is assumed to be proportional to the mean square value of Aeg, the linear com-
ponent of this step, or

WP = of ~ Begif

A time function having the above sort of characteristics is shown in Figure G4, From the form of the
time function and the assumptions given above, the autocorrelation function can be derived. Faitly obviously, the

n(t) FJ_,-i

|—'—J_— — )

)

Rin

T

Figure €4. Typical Time Variation of Noise and Autocorrclation Function.

autocorrelation of n(2) will be of the form shown in the second fipure, The autocorrelation will depend only upon

o, and T, and will be independent of the amplitude disiiiburion of the steps composing n(z). Both of these facts can
be shown as follows:

* The assumptions and part of this development ate similar to a discussion appeating in Reference 23, It differs jn deeail, how-
ever, in several important respects.
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If ¢, is the magaitude of a p.rticular step of n(t), then
) =& from t=mT o t=m+elT . BT
The magnitude of these steps has some probability distribitica bx). ‘_l‘hembubilky*thut ali & betwée

and & + dx is then L= . I

Pls<ap<x+dn) = plxVd e e S

In terms of the second probability distribution the autocorrelation is
R(f) - f,:‘[:iﬁ LD t“z(’"l » ‘l; X2 ,l)) dx, d-‘.'j

where pyfx,, 8,; xy,8) dx, dx, is the probability that:
(a) n(t) lies between x, and x, + dx, at time ¢,

and {urther that:
(b) n(2) lies between x, and x, + dx; at time & (o 7 seconds after 1,)
Ti;r first problem is then to compute the second probability distribution. This can be done by considering the
following:
(1) The probability that n(t) lies between x, and x,+ dx, at any time t is simply p(x,) dx,

(?) The probabilicy that n(t) has the same value at time 1, as at time ¢, is the probability that ¢, and 4
{or t,+.1) lie in the same time interval [between say mT and (m+ 1)T]. This probability will be

1-ly/Tl it Iel=T
0 i lsT
(3 Also, tor 11> T, nlt,) is completely indcpendent of nlt,), from assumption (2) above. So for this
case, the second probability distribution is simply the product of the first distribution by itself, i.r.,
A% 1 %3,03) - pla 1) p(xy, 19). The portion of the autecoszelation due to these terms, i.e., for lfl>T,
is then
RO pp = [xym 0, t0(xy, 1) dxydxy, == [fx)px,, 0)dx, ][ fx,p(xy, £5)dx,]
= X% o= 0
since the mean value of n(?) is zero by definition.
Then, from these cansideeations the second probability distribution becomes:
bydx dx; = [I—I,IL.I]P(,!);,I: , =T
= ple)plx)dx axy, 1 >T

The part of che autecorrelasion for i71 >T has already been shown to be zero, so the entire autocorrelation
function is
R = [Zx2plx) [1—1’L.|]dx for Il =T

= 0 for Id>T
Siace the integration is over x,
R ~ 11—'%‘] Jopalds Ml eT
- 0 ‘ il>T
Finally, the quantity [_x3p(x)dx is just the mean-squared value of n{¢), ot 62, That is

"(—;-)u2 ~ o = | Zxipla)de
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Therefore the autocosrelation is
B =[-8 wWer
= 0 o ST

and is mdependent of the probabxl:ty distribution of the mdlvxdual amplnudes of n(l)..bemg dependent only ——e
upon their mean-squated value, and their spacing in time, . T

PRI sy e

'

The spectral density is, of course, the Fourier cosine transform of the autocorrelation, or

Qo — 4 I:RMC(I') coswtdr — 4[57,,2[1 - 'l;—.ll cos wrdr

. aT P
sin 5 )
= 2ATo)}- - (V-56)
5 ol
2
2
This is the imexesting and well kaown spectrum given in Figure 65, 91;2 * has its first zero at x = ",
H T _
E or ;* =, 507 = 2" = / . This spectral form is encouraging since we have ulready concluded that a [sinx)/+)?
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Figute 65. Spectrum of 2(To2M(sin %aT)/(HaTIL

form was the most generally appropriate simple approximation to the ®,, data. The va.ues of / have already been ,_

- determined from the empirical data (Table 6 and Fig.63). The mean-square value, ol et of the assumed output noise A
can alse be determined from the curve fits, and values are tabulated in Table 6, A very approximate relazionship )
between o,, and forcing function characteristics tor the R.40 through R2.40 spectea is given by

on, L75 -

- = (V-57) .

fwou df \/’eo i

This equation, together with Equations (V-34) and {V-55) can be considered to be an equivalent model for remnant ;

“explanation” on the hypothe=is that all the remnant is due to noise injected by the eperator at his output. To the :

extent that the data fits represent the actual results, we can say that the human output contains an error component Ed

which consists of a series of discrete steps spaced an average of T, seconds apart. Also, that the ms value of 2

*i. g5~ sandam ceene jn an ipoarem amiare root function of forcing function cutoff frequency and the time beeween ¥
steps is an inverse function of forcing function frequency.

With this crude model of the data established, we can now continue witb the development of the a priori
model. The next part of the problem is to derive an approximate relationship for o2 It =, iz the velocity of the input
and /i = Y/(1+Y) the closed ioop describing tunction, then the velocity of the lineatly correlated part of the output,
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previously defined as Aeo, will be y;H. If we assume chat the velagity v H ia epproximately copstant wi:hm xhe o

interval T, then »;HT is approximately equal to the incremental amplitude of the hnea;ly gmrclafed nffﬁift 3
l.e., .

Ae, = yHT
so that . ‘
iz GHTR T
T has been assumed cunstant previously, and H, which is fairly constant over the bandwidth of interest, can be-
teplaced by an average value, H,s These crude assumptions and approximations allow us to evaluate Ac? easily
without having to integrate all the terms represented by (w,HT), since Ae? then becomes

Aed = (HTV ()

The meas-square velocity of the input is simply
. ¥ - @D Py
so that
Ae = (2m(H, TV 2 ydf
Since we assumed a kind of Weber law type of variation, i.e., a2 = n(t)? (EJ’. and /*®,, is even, then

ol « (H,T)’,[:’f’ &, df (V-38)

If all the above assumptions are correct, we would expect the apen loop output noise spectia to be
propogtionsl ro:

sin YT
Pon () a ‘ET’U 7 ][ yl:u;) } (V-39)
fy ®udf I: Oiidf

For the rectangular forcing function spectra, the ratio of the integrals involving ®; will be

LI%dl a0 2

1 T 300, 3

For rectangular forcing function spectsa, then, the apen loop autput noise spectra should be of the form

[
o B AT r’/w[’“‘ %o ) (V-60)

[: oil.dl
If che experimentally determined value of T = 0.75//,, is used, the low frequency value of ®,, should be

¢M¢(0) IH .'z

V51
j;"(»,-.-d/ * feo (v-61)

The actual data to check this possibility are summarized in Table 7. While the general trend of these data is in
the proper direction, the higher input bandwidth information is much closer to a variation of ¥, (0) with the square
roat of |H 13/, than with the quantity itself. If the lower input bandwidth data are admitted; the overall trend
becomes more closely proportional. All in all, the overall model is ot too bad an approximate "'explanation™ of
the remnant,
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If the above type of model is considered adequate, its

Table 7. Data to Check the Possible
consequences would require:

Do (O) 11,12

Proportionality of fi@:d; an feo (1) The operator's output would tend to be a_
2 jetky, step-linc motion which is more or less the
MEASURED L result of a linear opsrition on the forcing function
INPUT @, (0) {12 and which contains a random “egror” whose rms
% feo value ie roughly proportional to the linear portion
- fy ®ud of his output,
0.16 420 1.0 6.25 {2} The average time interval between chese
step-like motions should be directly pioportional
24 130 0.98 4.10 to the input bandwidth.
o
40 12.5 0.93 230 Drasumed and observed operator behavior which is similar to
64 5.4 0.827 1.30 both of these chaacteristics has long had s proponents
96 21 0.532 0.55 among engin:-sri?g psychologists, so -chc output n.ox'sc. f.nodel
also has a cercain amount of soul satisfying and intuitive
I.6 i.2 0.250 a.1¢ merit. At the preseat time, however, it must be considered
only as a hypothesis which ic reasonably cunsistent with the

) 24 ) 9.74 0.073 0.03 available experimental evidence,

b. Model Based Upen Nonsteady Operotor Behavior

The second origin of the remnant to be considerad is the possibility of nonsteady opesator behavior.
Out only rccourse, ne hefore, is to assume that the major portion of the remnant may be described by a nonsteady
operator phenomenon, and then to develop the consequences of such an assumption, In this case, the spectral
deasity due to nonstendy operator behavior, @, y(w), will be approximateiy equal to che total temnant, i.c.,

Doolw) 2 Bpplw) . (V-62)

Under these circumstances, the analysis of Section Il reveals that the autocortelation of the uncorrelated stochastic
variation in the closed loop transfer function, AH(1) will be given by

anlf) .
RAI’AH(') = ’:(T((;) (V.63)

To determine the type of Rapan(r) which would have to cxist if nonsteady behavior were the sole ex-
planation for the remnant, we can compute R,.(n and R;(7), and then use Equation (V-63). This process is shown
in the following paragraphs for the Elkind rectangular spectra data.

The power spectral densiry of the normalized closed loor rrmuamt can be approximated quite closeiy by

Do) sin Yo } 2
ff@u——;{_[ = gf (W (v-64)

Takls @ summarizes tha conceante of thexe appmximate fits,

For the tectangular spectra, then the spectral density of the remnant is approximately

[P b}
&) - r,‘!a’[imr—é—ﬂ] (V-63)

el

The autocerrelation function cozresponding to Eq. (V-6%) is
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Irl
R = ,.2[1 - wl -
wlf) = g | (v 61?)

where o iil the mean square value of the remnant. Since the spectrum corresponding to Fq, (V-66) is
in Y2 4T,

2Tia? E%i] the value of 0,2 in terms of the measurements for the fisted curves will be
YT,

2,2 2.2 . V.
€ 0; Cn O] /[
2 . ¢ Tt . ’.
0 = T T 2 (v-6M

The autocorrelation of the forcing function will bs

2
o
R = [:4’.1(/) cosnfrdf == '/Lfo,‘"coshfrd/
o 8in 2 foo T g
= o [—2" 7k ] (V-68)

The required autocorrelution for AH(#) which would account for the remnant would then be

1- 'LI]r
Ronl) 2 wee T,
R!\"A”(') - Rii(') = 2'11' sin P (V-69)

The mean-square or expected value of AH(r) will be

- R,..(0) : c
AH(? = ady == Ry () = 290 - e 2k

Y R“(O) Z_Tl . 2 (v-70)

The required mean-square vaic:. of the closed loop transfer function variation, o‘f_" . based upon the fitted data are
piven in Table 8 and plotted as a function of forcing function bandwidth in Fig. 66. The data fall reasonably well

0 ':r’nn
- Table 8.t Dedived Data for g
r q)lld/
0
4
Fitted i .2 ‘ﬂ?:f;.fﬂﬁlz
//o 1wwed by o, '/sz, J .
) 2 T 2
Cn Cn 1 3 Cn ,1
INPUT == Xy Ty
, /” NPU (db)  (linear) T h A2
o } R .16 -18.5 0.122 3.0 0.183
R.24  -18.6 120 3.0 181
] A ;) - o . .
[¥) }" l*_.l 1 L) -17.0 L142 4.2 298
7/ 14 R.64  -15.0 180 4.6 414
- o R .96  -~1L7 .265 5.2 ,690
LB
. Lo * R1.6 -7.1 441 5.2 1,145
— . -8, 37 . .
Figure 66. Expected Value of o, - AH(/)? ) _7R2 4 8.7 373 8 ‘_)_(imi) I ! 44?7'__
vs. Forcing Function Bandwidth, f.,. t See Figutes 56 to 62.
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on a straight line of unit slope, with the exception of the point for R2.4, where _[(sziﬂx)/u]3 is a rather poor fit for
Gy /J:'Qi.-ri/ . The approximate equation is —_—

ol = 0.7/ P R ' 3

s
>

OO

From this result, it appracs that the noastcady operarof behavior, as nisasured by the computed valne gap - mos
increase approximately linearly with forcing function cutoff frequency, Since the value of [, is the primery measure
of task difficulty for Elkind’s rectangular spectra experiments, this would imply that the more difficult the msk, the
lacger the nonsteady operator behavior. This logical conclusion from the results of the nonsteady assumption
appears reasonable, and in a qualitative way checks well with gencral observations of recorded operator responses,

Since the 0f;; requirsd to explain the remnant in nonsteady teems looks fairly reasonable, it is desirable
to proceed further in an attempt to derive other consequences resulting from the assumption of nonsteady behavior
and its imposition upon the data. We shall therefore consider both the T and the notmalized autocorrelation function,
Rpyan(n/ol,, required to match the data,

The values of T, determined ttom the fitted data (see Table 8) vary from 0.33 to 0.19 seconds in a fairly
orderly fashion. In a very approximate way Ty = 0.5/(%,‘)'“, though perhaps an average value for T of about 0,25

To get a better feeling for the major variation in the autocorrelation, the normalized autocorrelation,
Rygan()/ody fot the R.96 data is shown in Figure 67. As can be seen from the figure, a very good approximution
is just the simple form (1-rl/T}}. This is also the case for the lower fo's, For the K 1.6 and R2.4 data the WppIGXs
imation is not s0 good, and the form (1-1rl/T)1+ (w,,A¥/06) is superior, To the extent that the simple form is a

™~

0.7 =

LSS M ‘\

o3 B g
Panaa(?) tor Doto of R.58 \

.2 ‘\
»

t [ 0 1 \[ 3 1L 113 A ] ” 1 ] " 0 :
10'r .

N

BB Ll

Figure 67. Sanple Variation of the Normalized Aucccorrelation.

gond approximation, AHU) would have to consist of a time funcrion similas {in its boxcar-iike structure and average

time intervals) to that shown previously in Fig.64. In othesr wotds, a random time variation in the closed loop trans-

fer function having axis crossings on an average of about 0.2-0.33 seconds or so would be requited ro explain the ;
remnant term cn a nonsteady basis.
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Perhaps the most profound consequence of the ubove results is the tentative assertion that a linear,
though time varying, model is suitable to describe the data presented thus far, Thai is, the total action.of the
human in Elkind's task can be closely approximated by using a time-varying-transfer funstion H([(a,t) 3
basis, the linear correlation, p, becomes a measute of the nonssteadiness of the operator. Likewisey;the: mmnant .
would not be the.resule.of a nonlinear operation, but rather rhe_consequence. of an.uncosreluted. ti

diff;..ulty. Therefote, if the nonsteady model is used as a temnant explanation, p becomes a reasonable definition. -
of task difficulty (which it really is in general anyway) and "'\H is a good particular definition. Whether such a
definition of task difficulty in terms of p will obtain with contrelled element dynamics in the loop remains to be

seen. Actually, if the operavor is generating a ¥, to equalize ¥, his repertory of possible Y,’s may become severely
restricted as the task becomes more difficult. Hence, ifpis due to nonsteady behavior, our conclusions may not
carry over to this case.

The level of values of u \ Shows in I‘lg. 66 and the results of the above discussicn appear quite
reasonable, so it appears that nonsteady behavior is a distinct possibility for explanation of the remnant. It is
therefore desirable to carry the analysis further to explore the required open loop characteristics. Unfortunately,
the open loop variations required ro give the required closed loop Ali? are difficult to assess. This can be shown
if we assume that the open loop transfer function is given by Y{jw;¢) - Y(jw) + AY(0), for then

- . _Y(]'w; 1) Yy(j) +AY (1)
H(](d, l) = 0(]&)) 1 .’\H(l) = 1+7(;;:a - -l-+ Yo(];o-) ;A-Y(l) (V‘72)

As can be seen by Eq. {(V-72), the solution for AY{{) in terms of AH() presents a touchy problem. However, if
AY{(1} is much less than 11 Y,(jw), then

. R AN _Av@) -
Hlje) + AtilD) - 1+Y(a " 1+ YGa) (v-73)
or
L AHO. Hylre) .
AH) Y( = AY(s) ) (V=74)

Under the special restrictions leading to (V-74), the approximate open loop transfer function time variation will
generally be larger than the closed loop. It will tend to approach the closed loop value as li{jw)/Y;(jw) approaches
unity, This latter condition becomes approximacely the case when the tusks are parnticularly difficule, i.e., as [,
becomes large in Elkind's examples where Y, - 1,

From the general variation of Yy(je) and Ry, (r) with forcing function conditions, a fairly constant
Rny Ay(f) would almost suffice to describe the remnant behavior. This observation leads to the conjecture that the
operator’s bandwidth limitations and optimalizing behavior, coupled with a small amount of nonsteadiness, inevi-
tably leads to large remnants for broad forcing function bandwidths. The operator could then get around this to
some extent by not optimalizing as much as was done on these runs, i.e., attempt to follow only the lower frequen-
cies in the forcing function. This would keep Y(j) large, tending to reduce ihe value of oy, and hence the rem-
nant and sysiem error, This tactic, of course, wauld only be valid for the higher [, tasks (above [ of 0.96 or s0),
where non:zteady behavior may be an important factor in the remnant,

With the assumption of nonsteady behavior giving the generally reasonable results above, we have
another consistent possibility for the explanation of the remnant term, Here ugain, we must not allow the results
presented to be considered an answer, but merely as a possible source, One would suspect that both noise injec-
tion and nonsteady possibilities are involved together in the remnant, possibly in conjunction with some nonlinear
transfer behavicr. The general reasonablenes<e of the analyses given above do give valuable leads, and azc fairly
enitable as equivalent models partially describing the remnant.

¢. Comparison of the Simple Tracker Data From The Three Sources

In general the Franklin and Russell simple trackers and the Elkind pip-trapper experiments yielded
results which were fairly similar and consistent. Since the forcing function spectra were different in all three cases
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it is difficult to amive at an exact comparison, The closest comparable funs werg Elkind’s R.16 and R. 64 and the
Franklin simple tracker 1 and 4 rad/sec cotnet frequency runs. Elkind’a F3,.and 18 db/act filter bxgnk g at 1, 5
rad/sec is fairly close to the F unklin 2 rua/sec forcing . funcuon bandwidth in form,

" Unfortunately we can only curupmc dcscnbmg funcnon data, since « the Frankﬂr
sparse. For'the describing finctions, and within Elkind's medsutaniene bandwidehi; the R:16 &
are fairly close to those for the two equivalent Franklin cases, being almost within the limits of the. individual - -
runs for either case. All of the comparuble cases are shown in Figures G8 through 70, which tend to show that.thé
data are reasonably consisteat,

The lead term in the Franklin data shows up beyond the bandwidth of measurement of the Elkind data,
On the other hand the Elkind data have measured values ack to about 0.02.0.03 cps, while the lowest frequency
Franklin data is at 0.4 rad/sec. The presence of a lead term outside the bandwidth of measurewcnt for Elkind's
data is a possibility, and such a lead would tend to increase the low values of r presently used in the transfer
function curve fits for the Elkind data. It should be noted in this connection, however, that the Elkind F-3 RC
filtored spectra shows no evidence of a {ead out to a frequency of 0.9 cps.

From all of the above comments, it appears reasonable to state that:
(V) The describing function data peints are roughly comparahle,

(2) The differences between the Elkind and Franklin describing function data,
if any, are largely in the possibility of a lead outside Flkind's bandwidth of
measurement. While possible, this does not appear likely because Flkind's F-3

- runs do not indicate the presence of a lead with 0.9 cps.
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Figure 68. Comparison of Simple Tracker Data (Franklin and Elkind).
(References 23, 53.)

WADC TR 56-524 110

ety oL




i
-
A1
@ - ° °° L]
i
§ [ Dno *n N
i P 00 % |o :
» :
0 Fraoklin {4 wod/sng) <] oe 0%
o Elind Rub4 P o
. ke L
ant 0.1 Lo
¥ fepe)
Tigute 69 Compuison ol Simple Tracker Data (Franklin sod Elkind).
(References 23, 53.)
« - = r
q
i ° 9 %0 o
: 0 ry
3 [+] % o o oo
¢ 9 oleeQa |
0 JENDE UONSR PO SV S - S e - N
Q
:?' R = Vo U
§ © Franklin (2r0d/sec) 9 © ¢ oo o :
o Ellng Fi ° "¢ o o =
o®
q° o [
I Z
ool at Lo
{ lepa)}
Figure 70. Comparison of Simple Tracker Data (Fraoklin and Elkind).
(References 23, 53.)
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While it is problematical whether any real dnffexencas exist in the ElKind and Franklin ﬂata, n should
be noted again that Elkind's tricking control was etnsadembly simpler hiah. the. spnﬁg restrained, st
Franklin, This difference in controllers could conceivably be rcsponvble for the minor data dn
present overall picture is probably too vague to be dehmtwe. B SR e
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Section Vi

LINEARIZED OPERATOR RESPONSE TO RANDOM APPEARING VISUAL FORCING FUNCTIONS
IN COMPENSATORY TASKS WITH CONTROLLED ELEMENT DYNAMICS- - - -

A. INTRODUCTION

This section is a companion and extension to Section V, covering linearized operatos behavior in situne
tions having controlled element dynamics other than unity. The simple tracker cases discussed in Section V were
wel! covered experimentally for a wide vartiety of conditions, and it would be very nice if this section could be com-
posed of a series of operator describing functions and remnants for increasingly complex situations in terms of con-
trolled element dynamics, together with a full coverage of forcing function conditions. Unforeunatcly the esperi-
mental basis for such a presentation does not yet exist.

The primary axperimental work with controlled elements has been dune by Tustin {85], Russeli {70],
and the Franklin Institate. Tustin’s study was a picasering effore, but was quite short and limited in scope. While
three different controlled elements were used, they had very similat dynamics in the frequency range of interest,
Typical information on the remnant was presented in Ref. 85, but the total remnant picture was relatively incomplete,
Russell's stndy considered a logical progression of more and more complex controlled element characteristics, with
the primary emphasis of the experimental work being placed upon the operator*s describing fuiction. Remnant char-
acteristics, in a spectial foin were not thoroughly explored but their effects were revealed to some extent in some
cases by tatal remnant power and error power data, The Franklin Institute F-80 simulator studies are dorumented in
terms of both describing function and remnant characeeristics, Here the controlled element dynamics were those of
an F-80 aircraft in a constane range wracking task —by far the most complex situation studied iu detail to dace.

Ftom this general summary we can conclude that the delineation of describing function characteristics
as a function of contfolled element dynamics can be faitly well defined, but that thorr:gh remnant data exise only
for the most simplc controlled element situation (Elkind), and the most complex (Franklin). As previously noted in
Section V, the remnant becomes very important as the control task increases in difficuity, so it is unfortunate that
remnant data are so sparse for the succession of increasingly difficule tasks,*

* At the time of writing an additional soutce of variable controlled element data is in the experimental stage. This project is
being perfor:ned by lan A. M. Hall at Princeton University as part of the ovemll USAF coordinated effort. The study utilizes a
Navion simulator with both lateral and longitudinal control to forcing functions haying spectra flat to & 1 mmd/rec corner frequency
and an 18 db/oct high frequency asymptote, The latetal controlled element dynamice are fixed, being those of a typical Navion
flight condition. The longitudinal conrenlled elements are varied, with the following forms presently being consideted for

study:

Simple Forms:
Y. = K; (K=%,10 and 15 deg/ideg)

y,__";‘; (K=1,5 and 15 deg/deg)
¥ - Tasi’ K = 15; (T =1.5,5 anrd 10 sec)

R{Tsi1) :
Vo= (Lern K=% Ti=3aec; (706,25 and 10 scc)

Short Perlod Approximation Form:
T.
k= 'f‘; 5'2!('? i K=5,T=0.6
'[[5;] + _w: + ll

(A7
A complete survey will be run for 0.2 4 L <1 and 0.1 & el

I “ 1 cps.

It is anticipated that the results of this study will #ill in many of the preseatly exzisting gape in contrclied clement forms an
well as providing mote adequate low frequency remnant dats.
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In the discussion that follows, the Russell data will be summarized first, the Tustin experiments second,
and the Franklin Institute F-B0 simulator data third, In all of these cases the transfcr characteristics of the operator
have been derived by the authors and-their associates from the-original data, Both Russell and Tustin fitted. some -
of their data with transfer function forms, but based their efforts upon the use of Nyquist-diagrams and other types
of linear plots. In our curve fits the Bode diagram form has been used, sometimes in conjunction with lineai phusc
va, frequency plots, ac heing moare consistenr with simplicity and accuracy in the fitring process. In general the
Tustin and Russell data were fitted using criteria and methods outlined below:

{1) The linearized operator response data, which appeared in the original data as vector diagrams,
were {irst placed in the form of Bode diugrams,

{2) The data were then carefully examined to determine the simplest describing function fuim con-
sistent with the peneral trends. In alniost all cases this came vut to be either

Ke™(T;s 1 1) K& atys 1 1)

— e = Vi)
%ls) Trsal Tis + 1 Vi1
- ) reg
vy - K Uis D o KeTalis D (v1-2)
P (Ths + (Tys 1 1 (s + I(Tys + 1)

The form shown in Eq. (VI-2) is generally prefersed, since {¥{s)|+0 as 5 «e which i= necessary phyi-
cally, In most cases, however, the data available were such that the Ty term could not be dstermined,
and henee the form shown in Eq.(V1-1) was used. When this is the case, the rea . - should recognize
that higher frequency describing function factors are actually present, and their low frequency etfect
15 Inmped with the 5 of the reaction time defay rerm,

(3) In the fitting of the data, any amplitude information indicoting a lead or lag break point was used
to define T, or T} respectively, For example, in the Tustin data, fitted initially with Fq,(VI-1), the
value of 1; was indicated by the amplitude ratio.

(4) Further constants in the rational transfer function terms, €.Re, I; in the above example, were
adjusted so that the phase Iag atriburable to the reaction time delay, r [that is the measured phase
minus the phase due to the contribution of the rational terms, {T;s + 1)/(T;s 1 1)], would show a linear
variation with frequency.

(5) The initial value of r, which will include, of course, passible high freauency leads and lage ae
well as reaction time delay, was then taken as the siope of the best fit Jine passing throuph the origin
of this linear plot of phase versus frequency.

(6) The total open loop transfer function, i.e., operatur plus controlled element, was then checked for

s. bility. In most cases with forcing fuactions containing low frequuncies, the fitted operator form plus
the controlied element transfe: function would predict an unstable closed loop system. Therefore an ad-
ditional lag, i.e., Ty in Fq.(VI:2), was often requited as a minimum addition tc obtain stability of the
fitted wansier functicn form, This additional lag was almost always beyond the bandwidth of meusure-
ment, and the frequencies in the forcing function were usually low, so the value of Ty was adjusted in
these cases to provide just marginal stability of the overall closed loop system. This latter procedure,
while not yiclding u unique transfer function form, is consistent with that adopted previously in Section V.

{7} The final value of reaction time delay r was then found by subtracting Ty from the initial r value de-
termined in (5) above,

Most of the fundamental basis for the cvolution of this detailed procedure was discussed in Section V.
The F-80 Simulator data, being somewhat more adequate in terms of the number of frequency points available, was
fitted by a more detailcd procedure than that above; this is vwlined in the subsection on those data. As a final
point on data fitzing, we must emphasize again that the fitted forms are only a convenient ‘‘model”’, and only the
actual data prints have a physical basis.
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B. THE RUSSELL DATA . 5

The experimental setup used by Russell has already been discussed in Section V and needs no further = .
comment except to say that the post and pre-filters now consist of various inserted transfer function/forms, and that
most of Russell’s tests with various conttolled elements were short studies, using one or two subjects and a small
number of runs, some undocumented. Therefore, while we shall devote some of our attention in the following to the
data, a very important part of the discussion is a recapitulation of Russell’s comments and cbservations on the in-
dividual tests,

1. Effect of Gain Changes in Controlled Element: Y, = K,

The effect of gain changes in the scope or the caitrol, either during a run or from run to run, is almost
entirely compensated for by the operator, who tends to set his gain in such a way as to hold the overall lcop gain
at some given value. Slight ch~uges in overall loop gain can be effected by changes in the scope gain, but nowhere
near the amount that would occur if the operator held his gain constant. Besides this point, Russell also <hows
that an increase in loop gain can be the resule of instructions to '‘put more into it'’ or *‘try harder’’. In both cases
the describing function is, of course, that of the simple tracker discussed in Section V.,

2. Effects of Insertion of a Simole Lag: Y. = 1/(Ts41)

When simple lags were placed into the control loop the operator's transfer characteristics changed to a
marked degree, Thic is exemplified in Figures 71, 72, and 73 where describing function data are presented for be-
fore and after conditions, i.e., T - 0 {no lag) for each case, und then 7. 1.0, 0.5 and 5.0 seconds respectively, In
all cascs it is noticed that the major effects ace the operator’s use of his lead term in u fushion tending to compen-
sate for the intiaduced bp, a reduction in gain, and probably a change in the first &g time conctants Tor an auscited
lag time concrant of 0.5 and 1.0 scconds, the opzrator’s firet lay time conseans appears to increase over that with no
dyanmics; a reverse tendency is noted in the case where the inserted contiolled element lag was 5.0 seconds,

In addition to the dara given in these figures, Russell also notes the iollowing:

(a) When the lag time constant was smaller than about 0,05 seconds, the inserted lag had no affect on
the describing function. In addition, the operator conld scurcely notice the effect of the inserted lag on
his stimulus,

{b) As the controlled element time constant was increased above 0.05, the operator could detect a dis-
tinct sluggishness in the system. This became more and more prominent until values of controlled
clement lag time constant, T, of 2 seconds or larper were used, when the controlled element apreared
to the operator to take on the characteristics of a pure integrator.,

(¢) When the lag was initially inserted into the loop (usually in the postfilter position), the operator
tended to overshoat somewhat, occasionally to the point of system instability, until he bad acquired
some practice, After practice for a minute or so, he adapted his characteristics to suitable values for
stability.

(d) The reduction in loop gain when the lag was inserted was larger than required to maintain stahility,

(¢) The mean square noise power and the noise component of the error were about twenty percant higher
with the controlled element lag than withour it,

3. Effect of Insertion of Pure Integration: Y. = 1/s

With a controlled element consisting of a simple pure integeator the oberator lowered his gain and in-
troduced a considerable amount of lead, as shown in Fig. 74. In one case this was as much as 7; = S seconds,
These changes allowed the overall system to be stablc, but wete also in the direction to incrcasce the mean squate
tracking error over that with no controlled element dynamics. The low frequency response, however, is improved
because of the higher overall system amplitude ratio at low frequencies due to the Y, =1/5 tenu,

XS A
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4, Effect of Insartion of Leod — Pure lag: Y. = (Ts+1)/s

A brief examination of the effects of a controlled element with lead~pure lag form, with T= 0,5 and 1.0
seconds, gave the results shown in Figure 75, It will be noted that the operator stili inttoduced some icad for these
values, Russell also observed thac: . i e

{a) When T2 2.5 seconds, the operater dnes not appear to change his describiﬂg '
function appreciably from that with no controlled element dynamics.

(b) When 7 £2.5 seconds, the operator develops, lead over and above that used
in normal coatro! with no controlled element dynamics.

{2} The location of the dynamics making up Y, in post o pre~filrer positien made
no essential difference on the overall coeration of the loop,

(d) The output noise power was generally higher than the case with ¥, ~ 1,

5. Effect of insertion of Lag-Lead: Y, - {a(Ts + 1)} /laT's +1)

Russell studied the effects of a lag-lead control for @ = 10 and T equal to 0.165, 0.5 and 2.0 seconds,
The operator transfer tunctions for the last two of these conditions are shown in Figute 76, Rus=ell also tabuiared
the mean square tracking error, with the dynamics of Y, in the pre-filter position, for the two larger time constants,

Mean Sguare Frmr  Ermr Due to Remnent

(in?) (%)
0 0.045 32
0.5 0.34 56
2.0 0.041 24

In another test, the 7 — 0,165 seconds value was used, with the results shown below,

Total Errar Pow:2r  Error Due to Remnant

T {ia® )
0 0.195 22
0.165 0.190 38.5

These data indicate thar the noise power in the error signal decreases as the time coustant, T, is increased to the
ctder of 2,0 seconds or so, whare the system, in terms of mean square tracking error, ix just as good or better than
n simple tracker.

6. Effect of 1/(Ts+1) in Postfilter and (Ts+1)/(Ts+10) in Prefilter Positions

*rom the resuits of item 6, Russell found an effective way to remove some of the remnant without in-
troducing adverse affects. A filter having a uaonsfer function 1/(Ts + 1) was inserced in the postfilter location to
smooth the higher frequeney remnant powes (which in Russell’s case appeared to have a peak near 2 =8 tad/sec),
and then a lead-lag (Ts+1)/(T's+10) in the prefilter position to cancel out the lag introduced, Setting T at 0.5
seconds results in an effec tive controlled element tansfer function of Y, = 1/(0.05 s+1), which was noted in item 2
above to have negligible effect, i.e., the operator responded in the same fashion as that for a simple tracker. With
the equalization inserted two tests were made with the following results:
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TEST } TEST 1}

Tutal - Taini .. - =

Remnant Rrror Remnarit Evror }
Power Poer
Poier Gwer
(in?) (in?) (in?) (in?)
No Equalization (%, D.... 0.013 0.043 0,020 0.042

With Equalization .............. 0.0019 0,525 0. 004 0.017

It is noted that a ganeral improvement, of the order of a factor of two_in mean square error is ocbrained with this
scheme,

7. Efiect of o Quadratic Controlled Element: Y. K./[(s/w,)? ' (2{sVa, 1+ 1]

With a quadratic controlled element transfer characteristic, the operator describing functions obtained
arc shown in Figures 77. It will be noted from these figures that the nsertion of the rather difficult controlled el-
cment dymanics with w, 7.8 rad/sec in the postfilter position resulted in a general deterioration of system per-
formance. This is due largely to the reduction in the operator’s gain. Withes, increased an octave, to 16 rad/scc,
the operator's characteristics returned to essentially those of a simple tracker. For another run with ¢, - 7.R
md/sec, the etror components were as shown below:

’ The u|-|mmim¢(c avclag fincar couirelation deiived ffom
signal to noisc considerations was about 4./6 in this particular case,
or the lowest achieved on any of the Russell data,

Frequency Ezrror Power

Component (in?) C. THE TUSTIN DATA

0.005 In Tustin’s experiments [8#5], the general situation was
set up to simulate a tank turret fire control problem. The operator and
a sight were mounted on a motor driven turntable controlled by a twist-

F, (0,105 cps)..
K, (0.268 cps)........ 0.015

{3 (0. 437cpn)n.. 0.0i8 able, spring-centered, spade grip handle. The taiget moved hack and
forth in diffcreat combinations of three simple harmonic components
sufficiently mixed to eliminate any sense of repularity. Fquivalent

Remnant ............. 0.045 transfer function data were obtained from the hatmonic components of
—_ the traces that were of the «ame frequencies as those contained in the
Total Error ...... 0.110 target displacement. These data were then preseated in the form of

vector diagrams of the ratio of handle speed/error,

Three basic variaticaz in the controlled element (turntable)
dynamics were investigated with a variety of operators and target inputs,

Bade plots of Figure 78, The plotted dara points shown correspond to those measured from the vector diaprams ap-
pearing in the criginal paper, The operator response data were reduced in terms of target inputs having harmonic
components with a spread fzom 0,113 to 1.3 rad/sec; hence it is obvious from Figure 78 that, for this range of fre-
quencies, there is very little difference in controlled element dynamius between the displacement speed control and
the Vsecond-differential’’ control, This similarity was appatent duting the course of the tests and very few data
points wete obtaizcd for the latter type of control, which has theretore been deleted from further consideration. The
static characteristics of the control are shown in Figure 79.

The linearized operatn response data which, as mentioned, appeared in the original data as vecror .lia-
grams, have been assembled in Figures 80 and 81 in the form of Bode plots, It will be nored that, for the first and
only time in this report, we have combined the data points for two different forcing function “'bandwidths’’ on one
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Figure B2, 1usun Hesidual Data,

two loa frequency phase points from the general phase trend of Figure 81, These two points are the lowest fre-
quency, largest forcing function amplitude data for two separate runs. In these cases it is quite probable thar the
vperator was acting in either a pursnit or even a synchronous mode for the lowest feequency.

Tustin made a harmonic analysis of all the frequencies appearing in the pilot’s output, associasing
those tetms containing inpui fiequencies with the complex input to derive the Gansfer function data which was pre-
sented aboves  The resnle of the harmonic analysis of the residual signal or remnant is shown in Figure 82,

The original paper did not preseut data on linear cotzelations, but an estimated value of ebout 0,94 for
p is possible on the basis of a *‘typical’’ tracking record shown therein.

L. THE FRANKLIN INSTITUTE F.80A SIMULATOR DATA

1. The F.80A Simulater

The general experimental set-up used in the F-80A simulator cests was similar to that discusaed in
the simple tracker description of Section V. The essential difference is that now the controlled clement dynamics
wete those of an F-894 aircraft engaged in a tail chase. In addition, the display was eluborated by an artificiai
horizon consisting of a line which was rotated and displaced vertically in the same fashion as the true hotizon
would be were ir viewed thraugh the wind screen under contact flying conditions. In order to minimize orientation
difficultics on the part of the subjects, a pair of wings was drawn on the stationary cross-hairs so as to clearly
associate the cross-hairs with the subject’s aircraft, and the pip with the target aircraft, See Figure 83 for an
abstracted sketch of the display, Figure 47 is an actual view of the interior of the cockpit, and Figure 48 is an
overall view of the simularor and the associated computing equipment. It should be noted that the actual cockpit,
which was modified for the purposes of this experiment, was obtained from an F-S1. The cockpit instruments, none
of which were functioning and whose sole purpose was to provide a certain amount of face validity, were obtained
from sn F-80A aiicraft, The stick was loaded so as to simulate, without nonlinearities, the forces a pilot wonld
encounter at Mach 0,7 at an alcitude of 20,000 feet. Although rudder pedals were present in the simulator, they
wete impotent in controlling the F-B0A aircraf: simulator. As was indicated in an earlier experiment [52], jet
pilots used only stick control at the simulated speed and altitude. It was therefore decided to describe the pilot’s
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t Figure 63, The F-80A Simulator Display.

? behoviof in terms of stick cantral only, i.e., aileron control govering the laceral response and elevator control
H roverning longitudinal responses,

B

: The controlled element dynamics included both the aircraft equations of motion, in five degrees of

freedom, torward speed assumed constant, and the geometrical iciniionships between the target and the tracking
aircrafe. The target angles were given by:

vy

. Vi. Wp
AR Pty - -x—T + X,- (Vl'3)
Vi e
P, . Vi)
E q PA xT XT
where () ~ azimuth;, (J; ~ clevation ’
b = Ui 0%y

Ve = Upa-p¥i
r = target angle
X; = distance from target = 3000 ft constant
p,q,r = angular velocities in roll, pitch, yaw
a, 5 = ang'es of attack and sideslip

V = velocity of target in plane perpendicular to x axis of interceptor

8., & = aileron and elevator deflections

Since the lateral-longitudinal cross coupling terms are fairly small for the case of interess, it can be assumed that
the pertinent error angle abserved by the pilot would be givzn by the abave exptessions with p = 0 for the elevation
errar and fp = V; = 0 for the azisuth error.  Accordingly the equations simplify to:
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o= q+ %:(041) (VI-6)

and the transfer functions of intciest become

';A:(s) = %[Er"(s) + -:7:_ [-_% —ai-(s) + g(s)]l vI-7)
Bl o L [ Lo« Y% [ LEEW £(s)]] VIR
Vg S

The various longitudinal and lateral airframe transfer functions making up the above expressions were evalvated
for the following airplane parameters as set in the simulator:

Lg = -224 M, = -12.7 Ny = 14.8 g’Uy = 0,044
L, - -5.62 Mg = -.908 N, = -.026 Y, = -.185
L, = +.525 M = -1.66 N, = -.493 2, =-1.87
Lg, = -49.1 Mg, = ~31.1 Njy = 318

Collecting the numerator terims and factoning buth numerator and denominator, the fiual controlled clement transfer
functions may be expressed as:

Ny ’35[242 (- 292”][411 Y35+

DA , 2000805 w9
) 0.0017 {5 65 (3. m;)2 T388
s s
'3 08955+ Y158+ 1) (VL10)

‘ ""398] %)i ‘]

Bode plots of the above functions are shown in Figures 84 and 85.

A forcing funciion was generated independently in azimuth and clevation by passing white noise
through a third order RU filter with a single corner frequency. 1hree forcing function bandwiriths were used, wich
corner frequencies of 1, 2, and 4 radians/second. The rms value of the forcing function was continueusly adjust-
able, although the primrary values used were nominally 0.3, 0.8 and 1.1 rms inches at the display for azimuth con-
trol, and 0.2, 0.5, and 0.8 for elevation control. The basic reason for using a random input for the forcing function
to the pilot-airframe system has been discussed in Section IlI, The choice of the particular rms amplitudes and
bandwidths was governed by the desire to preseat a signal that was within the limits of the pilot’s ability to track
us well as cealistic. These target disturbances simulated atmospheric trbulence of vacious degrees of severity,
The Air Force pilots who served as subjects generally felt that the 1 and 2 vadians/second bandwidths provided
turbulence conditions that they had commonly experienced, whereas the 4 radians/second input represented un-
usual conditions. An uasolicited comment from one of the pilots ubout the 4 radians/second input was, **I wouldn't
fire in air that turbulent!” During the pretrial brieting the subjects were told that they were flying a simulated
firing run tail chase at a rarget distanc e of 1000 yards. This rask orientation was readily accepted by the pilots
despite the unusually long run length (two minutes) and the difficult tracking conditions which prevailed,

It is of interest to examine a pilot’s comments and reactions during his pre-test familiarization runs.
From these data it is possible to get insights as to the development of an acceptarce of the simulater by the pilat.
The first 6 comments in what follows were selected from a series of remarks made during the first hour, by a pilot
with considerable experience in crystallizing his apinions on aircraft control systems. The same pilot made the
subseqaent comments during the course of a two day experimental session.
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Figurc 84. Franklin F-80A Simulator Response in Azimuth,

1. "In an aireraft, control is more pesitive, Here | find myself constantly jiggling the stick, Au actu-
al aircraflt would have more slop at the zero point, howeves, | think it's a goad idea for a simulator to have

tight control."’

2. "Longitudinal control seems slightly unstable --in other words the response of the simulator to con-
trol motion seems to produce an overshoot. This cffect may be present in lateral control as well."”
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3. '‘The response time for lougiiudinal and
lateral conttol appears to be about equal, I
expected the lateral control to be faster.
Simulators never seawm to have the dynamics
of aircraft in flight; they ulways miss some
aspect of the ‘feel’,”

4. ""My flying technique consisting of smooth
easy corrections which ! use in an actual
F-80A is inappropriate here. Iam forced to
use jerky corrective motions.'’

5. 'l believe that four radians is unreason-
able as an input for this control system. It
may be possible in clevator, ut just burely
so.”’

6. '‘This contro! system seems to cause
pilot to overcontrol.’’

Following the pre-trial period, the pilot ther
proceeded to track twenty runs which were record-
¢d. In these runs forcing functions of | and 2
radians/second bandwidths and 0.3 end 0,8 inches
tms in lateral control and 0.2 and 0.5 inches rms
in longitudinal control were used. During these
tus uis Luuuucus;ug continued.
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7. '*Run No. 4 started out well, I'd rate the runs as 1,4,2,3. | scem to pace myself ugainst time, 1
think that the first minute is always the best. I'm convinced that the *smooth’ made is superior to the
‘frantic’ mode; i.e., fly the simulator like an airplane, graceful and easy,

NOTH: The pilot had introspected aloud v the best control philssophy to use in the simulator. One style of con-
trol, the so-called ''frantic’’ made was characrerized by abrupt sudden corrections in an attenpt to maximize zero

cros=ings, The alternative style of control the so-called "*smooth’ mode required the pilot w execute his control
responses slowly and gracefully. From the viewpoint of the obsetver, the “'frantic’’ mode appearad like an inter-

miteent relay type control; whereas the “'smooth’’ mode was much like smooth linear control.

8 "The ‘ftantic’ mode isn't any good. [ work harder but get no results, I'm always bracketing the
target. More zefo crossings, but not useful for gunnery. Unlike the ‘smooth’ mode where my error in-
creases with iime, ] believe that wmy error is relatively constant in the ‘frantic’ mode,”’

9, At run No. 16 the subject said the following: ''This simulator has good *positive’ control in ele-
vator, The aileron fecl ts more spongy than it should be; it shonld be more mechanical. There is too
much overshoot. Generally, however, the control system is not bad at all, "levator contrel is excelient.”’

10. Toward the end of the first day's tests, the subject experienced several test runs of ten minutes
duration, The u‘x‘l”u\\viug conunem s arose after these uns,

“"Mumentarily 1 got vertigo. 1think that my performance deteriorated in time, but not as badly
as it might have,"

After the last r, of the day he said *'I actually thought that the fuselage moved. 1 find my<elf
prefefring the four radians/second input at the lower rms amplitude. Since [ no longer make reversals,
1find che quick responses required by the fast noise to be ddestrable,”

Cu e s cund day of e weats, tis subject made the foliowing remarks:

11, *'The four radians/second input 1s not unreasonable. In fact, I'm still flying in the ‘smooth’ mode.

I like the fast recovery rate, and I'm positive of my contsl,

12. "*There is still lag in the pip presentation laterally, I think it's Jue to rolling to change heading.
I'd like to see faster response. Longitudinally the control is good."’

13. "'It's a good, representative aircraft system.”

Althougn all of the foregoing remarks were gencrated by one pilot, they are representative of both
solicited and unsolicited comments made by the other subjects during hath their familiarization and test runs, The
major conclusion which one can draw from the scrics of remarks is that after an initial period of warily testing the
simulator, the pilot accents the simulation as an adequate ground representation of the aircraft.

2. Experimental Procedurs

The experimental procedures used in obtaining the data which are presented in this section were es-
sentially the same as those reporced in a previous report [$3]. A brief recapituiation of the general approach and
experimental design will be presented here for convenience.

The major problems which the experimental program sought to answer were: the extent to which the
subject behaved in a linear fashion, the manner in which his response was frequency dependent, the extent 10 which
his describing function was time dependent,* and the variability in describing functions among subjects. An ex-
tiemelv important auestion which the experiments left untouched was the etfect of changes in the controllcd clement
dynamics, The data reduction was so laborious that rather early in the progtam the decision was made to concen-
crate on a human response study for which only one aiicraft’s dynamics would be simulated rather than to risk di-
luting the effort by concidering aircraft dynamics as still another experimental vatiable, Despite this effort o

* For long time intervals, of the otder of minures, only, Uetection of short time variations (of the order of seconds) is not prac-
tical by the techniques used here,
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concentrat: on pilot centeted varables, the experimentz] program’s reach exceeded dts grasp. The- icé\ﬁ'ﬂéy‘ki;id
resolution. of the analytical tools were not adcquatc for dxscnminaung many of the varlables whlch wete considered

to be important in the experimental design, . . . . : T

‘Each of the &ix subjécts, five highly tmincd jet p.dms (umuh;tl,h)’:th_ USQV (gx:
and one highly trained civilian jer-pilot, participated in.pteparatory. and;recorded wiais ;mqer b
mental conditions, Aftet being briefed on the purposcs of the etperiment, the sabject " flew" the“similator withne ~~
forcing funcrion input for a period of about ten mirutes. The putpase of. this was to familjarize the subjects-with —... ...
the feel of the controls, A second phase in the pre-trial familiarization consisted of a tatal period varying from
half an hour to an hour of simulator time duzing which the subject practiced tracking the various stimuli which would
later be presented to him, The predominant stimulus in this familiarizaticn peosiod was of 2 radians /second bandwidth
and 0.3 rms inches in amplitude for azimuth control and 0.2 rms inches for elevation control, These inputs were pro-
duced by passing broadband noise through a low pass filter whose corner frequency was 2 radians /second and which
attenuated at 18db/octave thereafter, The subject’s practice runs were approximately two minutes in duration and
separated by intervals ranging from two to ten minutes, Since in general, the pilots arrived in groups of two, they
alternated with one another in these practice runs.

4 iy

It is eather difficult to assess the amount of familiarization necessary to produce stable and represen-
tuive response behavior on the part of pilots in the simulator, If the data are to be meaningfully relat=d ro the air-
borne problem our subjects must be responding in the ground simulator with habit patterns which are like the habit
patterns employed in the air, It is possible that a protracted familiarization period in the ground simulatnr might
result in lessening the effective transfer to our test situations of these airbome habit patterns in which we are
basically interested, and the corresponding strengthening of response patterns gencrated in, and peculiar ¢o, ground
simulation. These response patterns which might develop from experience in the ground simulator would tend to
make the subject *play n game’* cather than fly an aircraft. The ideal situation would be for a pilot to be convinced
tather rapidly thas the ground slmulacor peavidad an adequate representation of flight conditions, and then to wans{er
his aithorne response pattems 1o the ground environment without attempting to analyze the pround system too criti-
cally. This thinking dicrated the type of famili rization procedures used. Siuce the pilots were presumed to be at
a stable plateau of flying performance, our problem was essentially to arrange matters so that our measuring device,
the ground simulatet, was actually sampling their flying petformance at this presumed plateau,

Following the familiarization period, each group of two pilots (pilot A and pilot B) tracked the follow-
ing prograr. for ten two-minute trinls each,

Pilot Bandwidsh Amplitude sms inches
(md/sec) Azimuth  Elevation
A i c.2 2.2 .
B 2 0.3 0.2 @
A 1 0.8 0.5 i
B 2 0.8 0.5

‘The pattern illustrated was repeated five times, The separation between trials was about 2.5 minutes. o
After a rest period of half an hour to an hour a second similar series of ten runs per pilot was recorded, This :
second series differed from the first only in thar pilot A now expetienced the 2 radian/second input and pilot B the
1 radian/second input. The purpose of these rials was to see what effects in the measured describing functions
could be attributed 10 an increase in experience during the time intervals studied. The remainder of the several
bandwidths and rms amplitude levels used, and to studies of wacking continuously for ten minute intervals. As will
be seen when the data are examined, much of the fine detail which the experimentai design was intended to reveal
was obliterated due to the statistical sptead of the data. Consequently there is little point in dwelling further on
the experimental design at chis point,

:
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Smce the data from the F—BOA-sxmulator experiments mrtlus section are. bemg presemed for the first
time, it may be helpful to discuss the statistics and the analysis proceduies. This discussion, derived from Tukey
i8, 80, 81), applies equally well when evaluating data from the other experimeaters referenced in this report who
have used the spectral analysis of time series as their basic mea surement technique, The following material.is
an effort to provide an intuitively satisfying summary of material which the interested reader is urged to pursue in

the primary sources [4, 8,37, 38, 65, 75, 80, 811. In their cext {38] Gr ler and R blatt present the most refined
readily available treatment of the statistical estimation problems arising in measuring the spectra of time series,
whereas in their referenced paper [37] they present a heuristic derivation of their main sampling thcorem together
with an expository problem and limiting distribution functions relevant to their theory, The estimates Ceonander
and Rosenblat developed are stated in terms of the spectral disteibution function, which is, the integral of che
power spectral density function. They also present the variances and biases associated with spectral density es-
timares derived from different smoothing techniques, and Ieave the selection of the smoothing technique ta be de-
termined by the reader for his particular problem.

As has been staicd in Section Il of chis report specwrai densities and cross-spectrai densities can be
defined in the following form:

o) - fim LGl — M uGer,

T

Do) = Hm L 11%G0) Rejo)] V11D

The fact that the definition of these spectra depends on a limiting process implies that all realizable
measurcments are appioximations o a losscr or greater extent. This necessary truncation of the time series record
is the source of the sampling errots, A, associated with spectral measuremeats. For the case of a Gaussian in-
put spectrum which is essentiallv constant over the interval of estimation one can determine the standard deviation
of the specural estimate over the interval w, - as;

o _AMe>
ad = [ T(w,- m.)]

(V1-12)

where A® cua be estimated by AD = [“*®(w)dw. In the above, T is the length of the record and (w; - w,) measures
the resolution of the filter with which the specttum is scanned,

One can see, therefore, that for a given lengtl: of record, the resolution and the accuracy of the spectral
estimates are mutvally exclusive desiderata. This reciprocal relationship provides a challenge io the experimenter
to make a reasonable advance judgment which will provide the best compromise between record length and resolution.
The design of the filter whose width is approximated by (w,- w|) poses certain problems whether the filter be numeri-
cal, as in digital procedutes, or an elecerical device as in unalog techiuiques. Idealiy, we would like to have a fileer
whose scanning window in the frequency domain is rectangular in shape, but this is impossiblc to achieve, The ef-
fect of measuring the spectrum in frequency bands definea by the tesolutivn of the scanning filter is equivalent to
censidering the measured spectrum, U,(w), to be the result of convolving the true spectzum, ©{w), with a band pass
filtes of transfer function Y.(w).

) = [o0le) Ylo-w)do, (VI13)

Since Y {w) passes a small amount of energy at all frequencies, we have a distortion of the true spectrum
due to a diffusion of fower from more or less distant frequencies. Minimizing the effects of wide filter skires is often
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a cut and try piocedure in an effort to approximate the ideal rectangular shape fof the filtei’s window,
cedures are all based in practice on assumptions of smoothness and Gaussmn amphmde distribitians 1t
measured spectrum,

e e e

alyzer must the o lected s0 as'to cover adequately the frequency ::mge g cd in_ tﬁ'e"'xﬁ?é""m*’d " T
remark is less obvious when digital techaigues are employed, for_in_this case the experimenter must. selecthis '
sampling interval, A¢ so that At - n/ey,, where wyy, the Nyquist or folding frequency, is the highest frequency

expected in the data. If this is not done there will be an aliasing of frequency components such that one cannoi
distinguish sinusoids of frequency 2rw., ta where n=1,2,3,--., and 02w, : - s

Ceatral to this discussion of the measurement problem is the assumption that the dme series whose
spectrum we desire is both stationary and Gaussian. In some instances, if the physics underlying the process by
which the time series was generated is known, it is possible to siate whether the series is stationary on an a pri-
ori basie, Otherwise, it is necessary to study the process itself in order to determine if observed variations
amony samples of the process are greater than sampling errors would predict. .In this empirical cxumination of the
process the experimenter must make a preliminary estimate of the maximum sample duration over which he can
reasonably expect stationarity; and simiiariy estimate the minimum duration (for a seiected resolution).which wiii
yield adequate accuracy, The goodness ol the Gaussian hypothesis can be tested by examining the first probability
densities of the amplitude distributions of the random functions in question. In the experiments which were con-
ducted with the F-B0A simulator the best compromise between these two durations was thought to be two minutes.
For this duration, and the spectrum analyzer used, {T(w; - w,)]/(er), which Tukey has called degrees of freedom, is
about 22.5. The degrees of freedom will be recognized as the squate of the denominator of (VI-12),

Actualiy, Tukey has discussed the variability of spectral density estimates in more detail by noting
that the tatio of the mean square of a specteal compenent o the variance of this spectral component is disuibuted
as x3/degrees of frecdom. In other words, if we use the conventional notation® to denote the truc population of &,
and [ is degrees of freedom then f®/® is Jdistributed as x? with [ degrees of freedom. He is then able to state con-
fidence limits with considerable piccision in terms of a readily available liniting Jdistribution,

The meusurement of cross spectra from paired phenomena which have a transport type delay; such as
thie human upesator®s reaciion time, introduces another consideration in sampling. If the transport type delay is r
seconds one wust provide an analog computer of bandwidths equal to #/r to prevent a contamination of out mensure-
ments. If a digital computing technique is used the sampling incerval, Ar, preferably should be less than 7 and at
worst cqual to 7. The precise sizc of Ar depends on the desired resolution in the measurement of 7,

Very little has been said about the confidence limits on cross-spectra. One can reasonably expect
that computaiions of ¥, based on Equation (I11-54), in which we compute the ratio of two cross-spectra computed
from the came record, will be reazonably accurate cven though the sampling varisbhilicy of e Gudividual cioss-
spectra may be large. This expectation is based on the assumption that the fluctuations in \hiese two related cross-
spectra are not independent, The ptoblem of assigning sampling confidence limits to the phase and the amplitude
ratio parts of ¥p, derermined by (I1I-54), has not as yet heen solved in rigorous form, although a heuristic develap-
ment has been attempted and will be presented heie,

Referring to the steps leading up to Equation (I[I-54), one can write:

o, {im -—(l'N ) lim _(,:,)

Taoe T P'T-ﬂn T
Y, - o = w1 —— (V1-14) =
W dim Las - vfim L
&

Ty, is the true value, and Y, is the calculated value for the open loop pilot’s transfer function.

Using the usual symbol, <>, for ensemble average to denote the true values for above averages, one

can ‘write the calculated time averages as true averages plus small errors.
s

im 1
Jim FUMD = <Ps ey = O 40y (V115)
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1{:'2, ?(I*N) = <I*N.>- + em’e.—,.c e 0+e1d"f¢..‘ L

In the above, ¢ is a reat quanticy, bu‘ :he errors assocmzed with the Lmuplcx Lm;a-apct.lhd

nary components, Substituting Equations (V1-15), (VI-16) ia Equauan (V1-14), arl estimati

v [l fu éj¢‘ ]
" 7 + et
Y, - i)__'f'_"‘_i}l’fb;f_‘ﬂ) _ L L _l_..yi'.?“_l.%_ (VI-17)
e -Teifie, g b i
¢ 1-—¢el%e
l)u e 0
Using the first order approximation for small errors
|
11 AX ,
T2AY = 14AX -AY :
one obtains after cancellations:
Yl + Y
t y
Yo = Vo]l +- d‘—"' esh €un, (VI-18)

One can demonstrate that if X' and Y be complex random variables:

Inu "(YY"‘) 0161

where

~

"tR - “y - “E; .

and n is the number of degrees of freedom in the estimate. Arguing by analogy with Equation (VI-12) in which the
denominator is the square root of the degrees of freedom of the spectral estimate, one can write "

(D, &,
o b {VI-19)

A W |

One can therefore rewrite Equation (VI-18) as

Y o

- Y s [Yl ¥ ] ‘/wnn ¢u i ;_‘L (V[-zo) : |

poEE D, Aw] V2 "\/2 ) )
] 2m )} }

The ¢'s are random variables for which ¢ - 0, €? - 1, so that g1 jg is distributed circulacly on the Yp plane.

in order to obtain phase and amplitude standard deviations, rewrite Equation (VI-20) in a simpler form
so that

Vo oo Youlla kya jiky)

where k, and k, are small. One can then wriic, since the small change in magnitude of Y. orthogonal to its length
is negligible:
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Similarly one can equate real and Imaginary parnts in (VI-21) and obtain:

.-L'y;. =-ZY,,+I¢2. R ——

Hence £, ic the enor in nnagr;itﬁéé:end &, the errar in phé oe, The net res_tj:l;. is r}:at the —sampliqg s_x':mgg@yd“ ion
in AR is: _ s e

Pon, 1
o = Ni¥e¥ \/.:—,; T )% (V1-23)
(%)

and the sampling stardard deviation for phase is:

o~
= T . (v1-24)
« [re]
o )

1
g = IV;+Y,

In order to compute the total standard deviation in phase and AR one must combine the variances due to instrumea-

tation and computer errors, a2, and sanpling errors, ¢f, so that:

gl = o} g} (v1-25)
in general, ir wili be casier to measure the quanticy uf from known inputs rather than to attempt to estimare the ei-
fects of the various measurement errors on the total standard deviation, It is advantageous to be able to compute
(VI-23) so that a priori statements can be made about the possibilities of resclving desired differences in Y, with
a given expetimental design. Unfortunately, we must have information about the form of 9, , which is difficult to
estimate prior to an expetiment. As a practical mattet, an a posteriori computation of o from the collected data is
the most convenient mcthod for assessing the significance of findings for which adequate number of measurcments
of Y, exist,

If, however, we are comparing a small number, or perhaps unique measurements of Y, with one another,
and we would like to be able 1o discuss the statistical significance of these comparisons, then an effort to compute
(VI-25) is accessary,

Equations (VI+23) and (VI-24) enable us to make quanticative judgment about the accuracy of phase and
AR estimates which are extended beyond the nominal bandwideh of the inpae (1), Sine~ D, ic 9 3b dewn ot the
corner frequency, which defines the nominal bandwidth, and attenuares ac 18 db/octave thezeafter, one can see from
Equations (VI-23) and (VI-24), thae if ‘D..,.t is either flut or attenuates at a moderate rate, the confidence hands about
our data will spread as © approaches and exceeds the cut-off frequency of rhe input i(f). Equation (I1I-56), which
relates &, to ., indicates that O, which could hardly be expected to attenuate as rapidly as &, might very well
influence ¥, so as to create an approximately flat spectsum. Further on in this report (Figure 107) we will see that
this is actually the case for azimuth or lateral control although not quite the case for elevation or longitudinal cons
trol. -

A further characteristic of the measuring process, which tends to deicsiorate the quality of the data,
involves a paradox of sorte, if the input forcing function and the conttolled element dynamics are such that the
tracking task is simple; i.e., the rms cracking error is very small, then our measuremene of Yp, the open loop transfer
function, is subject to rather large errors. This condition arises from the fact that we measure the open loop transs
fer function as follows: Y, - &, /,,. As a consequence if (1} be small and of the same order of magnitude as in-
strumentation and computer errors, measurements will be confounded by noise, The closed loop measure of the
pilot's transfer function @, ,/®,, computation is not affected by small values of ¢(f), since we only need to measure
the cross spectrum, P, , and the input spectrum ¥,,. In the F-B0A simulator tracking problem, one cannot blithely
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assume tilat, by dint of the foregoing argument, the more difficult the task the better the measure of Y, In the
more dlffn:ult tasks, which are characterized by high i input ampluudes and bandwndths, not. only doc.. thc lmeat

mde and the p:lo: begins to play a game rather than accept our innucent- uchptloﬂ.— Ii sutha u\se, wéwould:ex-
pect greater variability among pilots since we would no longer be comparing the pilots with regard to their ability
to fly jet aircraft which is the common characteristic making pilots a stratified sample. The foregeing inwmitive |
reasoning yields the conclusion that our best data are those obtained for an @;; bandwidth of 2 radians/second and
an rms input amplitude of 0.2 to 0.8 inches, Indeed, it has beun the case that the bulk of our usable data was

measured with these inputs,

4, The Data Raduction Equipment

The earliest data obtained from the F-B80A simulator and previously reported (2] wete analyzed on a
device designed following a principle suggested by J. W. Tukey, The present data were analyzed on a device whose
design derives from the procedure used by J. 1. Elkind, and independently developed by F. B. Smith and others at
NACA, Langley. {3,23,74]

The general analog procedure for computing cross=spectra from cross-correlations is first to multiply
the two input functions at various time lags. The average product at each lag, which is the cross-correlation, is
thea passed through a narrow band filter to find each point on its Fourier tranaform.

By properly changing the order of these procedutes the cross-spectrum will still be computed, but
without the necessity for incennediate storage of the cross-caerelation. The following describes the computer
to analyze the U-30A simulation data {3}, Fiosd die narrow band filter was used on the input functions, the
resulting narrow band functions were multiplicd, and the average procuct over the length of the input record wac
then determined. To follow this description exactly, we should have the narrow band functicns in complex form and
average both the real and imaginary parts of the product to find the real and imaginary parts of the cross-spectrum,
In practice one filtered function was shifted in frequency, so thet the real and imaginary pants occurred as in-phace
and quadrature components about some suppressed carrier. These were phasessensitive detccted before being put
into a lowspass filter for averaging. In the NACA analyzer the same result was obtained by phase shifting the nar-
row band function outputs of the filrer before multiplying, One multiplier outpur was then averaged to give the real
part, and another multiplier was used for the imaginary part of the cross-spectrum where the zero-beat part of the
multiplicr output corresponds to the detector output in the Franklin Institute analyzer.

The narrow band filters used were identical and fixed, The frequency of the signal component passing
through the filtcr was varied by a heterodyne scheme. One of the filter outputs was further heterodyned with a
fixed oscillator, The carrier was completely suppresscd in the sccoud mixer, The output of this second mixer was
multiplicd with the output of the other filter to anF an cutput whace frnnnpnrv ie thae of the fived nnro"nn\r and
whose in-phase and quadrature amplitudes are very short time estimates of thc cresg-spectrum, Ve now computed
the average values of the in-phuse and quadrature components of the multiplier output. In order to average con-
veniently, using d-c amplifiess, these two components of the multiplier output wers converted to low frequency
signals by two phase-sensitive detectors which are driven by the fixed oscillator, The d-c levels of these two
signals, averaged over the run length of two minutes in real time, were the desired vuigutz, They 1zpresent the
real and imaginary parts of the cross -spectrum, A block dingram of this scheme is shown in Figure 86, and a
photograph of the cquipnment is shown in Figure 87,

The inputs to this crossespectrum analyzer were frequency modulated signals recorded by means of a
modified Ampex 306 on Y} inch magnetic tape at 1% inches per second and played into thc analyzer at GO inches
per second in the F-B0A studies. The maximum speed-up ratio obtainable with the record and playback equipment
was 32:1, and this speed up :aio was used for F-BUA daix; but 10:1 and 8:1 rativs have been used for vther putposes.
In analyzer time, the svstem’s bandwidth is GOO cycles, and the width of the narrow band scanning filter is 6 cycles,
In order to validate the pesformance of the analyzer under conditions as closely analogous to the conditions under
which ¥, was measured, the following circuit was used,
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Figure 86, Block Diagram of the Cross-Specurum Analyzer.
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Figure 87. t;_‘mss Spectrure Analyzer.

WADC TR 56-524 138

o ———— ey W e

- .




1M I'_'W’“—— -
M sk
AR - v
- == 2 .
32 end/see g . 7.9 #
€

NOISE INPUT

The calculated magnitude and phase of the filter Y, are plotted on Figure 88 and given by

1

Jw
=

6.6

YF = 0.46

A measure of Y, - 9./, which is analogous to the open loop pilot transfar function, Yp, was obtained from the
cross-spectrum analyzer by using a 32 radian/second noise source input directly, and hy-passing the record and
playback speed-up system. The measured pomts are to be found on Figure 89,
‘lF [t
lt
In addition, a large number of measurements of Mt - e y iy
II
of the closed loop transfe: function H have been made using the tape tecorder speed-up system, and their accuracy
ia the aame as Fipure 98 indicates for the oper Innn mensurements, These resalis weie very stable for many repe-

, which are analogous to measurements

titions made over a period of six months.~

One additional test was made of the cross spectrum unalyzer’s perfonnance, A simple handwheel
trackes, which had a small amount of mechanical inertia, was used to track an input of 4 radians/second bandwidth,
‘The controlled element transfer function was approximately Y, 1. The closed loop transfer function, /f > AR AR
since Y. 1, was measured by ¢,/ B,. A tracking record for i(f) and c(¢) of two minutes duration was producml l»)

n highly experienced operator, and was recorded simultaneously both on magnetic tape and in dipital form, The
digital data were accuraze 1o three significant decimal digies and were produced at a sampling rate of 2 sanples/sce,
The data on magnetic tape were reduced with the Franklin Institate cross spectrum analyzer to obtain i, /%, The
digital data were used to compute /b, on a desk calculator using eight lags. The raw spectral estimates were
ﬁmomhed by lukoy s running weighted average of weights 0.23, 0.54, and 0.23 |8U]. ¥ipure 89 shows the digital

) .

ase and ﬁmp.l'hu(.‘ tatic as solid lines with the analeg detorm! fis as uiouncuied puilx(s.

The spectral densities were not computed at identical frequcnuu.s, which explains the frequeacy dispiacements be-

tween analog and digital determ:nzsions on r.,-..:: uy, _Strates that thc crosn spcCinu analyzer

CilUib U mu‘l) tandom, aud that the device pluuu\.r: a\.\.cptdblr tiea: aransier functions,

5. Measured Describing Functions

We shall present the results of the previously described experiments in the following manner, Experi-
mental parameters will be removed by averaging in a successive fashion until smooth Bude pluts for Y,, characteri-
zing the three input bandwidths, remain, These grand average cutves will then be fitted by following a stated pro-
cedure, and analytic approximations to Y, obtained.

The firse set of dara is found on Figures 20 through 95, and presents Bode plots for elevation and
azimuth control for pilots P-4, P-2, P-3, P-4, P+5, and P-6.

i
N

% At

* Yhile these results indicate that the llLCuhlLy of tiansfer function measurements with the equipment 1s quite good, we should
alsu noie ihat these same measuiccnis toveasled pussibie biay errors in the p vaives, These were on the jow side, t.e.,
measuted p ie lase than the actusl. The-clore one should nct place tov muck counfidence in the values of o and detived remnant
quantitics shown later.
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Figure ¢j. F-80A Simulator Open Loop Describing Function for Pilot P-1.

In the legend for these and all subsequent figures the forcing function bandwidth, or comer frequency,

is w,, in radians/second, the tms amplitude of ihe forcing functicns i¢ d in inches, and the number of runs contri-
buting to each average is n. In averaging these curves the various experimental effects such as might arise from
satiation, habituation, and any possible time or order effects were ignored since these effeces did not manifese
themselves in a discriminible fashion in the Bode plots obtained from individual two minute records. These firse
daca are the mose highly differentiated descriptions of pilot performance which we will present. An examination
of Figures 90 through 95 reveals the following:

(0} both the controlled element and the input signal bandwidth are strong influences on the form of Yy,
(b) the iaput amplitude, as it was varied in our procedure, is a relatively weak influence on ¥,.

The straightforward procedure for examining the effects of forcing function input characteristics, con-

trolled element, and subjects, on the desctibing function would be to perform an analysis of variance, Such an
analysis involves the computation of variances ftom various experimentally defined groupings of samples which
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Figure 91. F-80A Simulator Open Loop Describing Function for Pilot P-i.

are characterized as follows:
(a) They are drawn at random from norma! populations.
{b) These normal populations all have the same variance.

Although condicion (a) was fultilled for the Franklin ¥-80 data, an 7 «&si demonstrated that condition
(b) was not met. Consequeatly the following types of statistical rests were implied,

Trends were examined by '#'" tests to determine whether means weic progressively decreasing or in-
ieasing as a function of some independent variable. Since hypothesized inequalities were often examined, one
sided "'I"" tests were appropriate in general. Due to the occasional small samples, and the inequality of variances,
special forms of *'#'* test were indicated. In order to obtain even small saniples of describing function estimates
it was necessary to average together daca from experimental runs obtained under different conditions. In fact,
since the tms amplitude of the forcing function input appeared to be a weak influence on Y, as indicated by Figures
90 through 95, significance tests were made on the differences of the means for |Y,| and ¢ for 0.3 and 0.8 and
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Figure 92. F-80A Simulator Open Loop Describing Function for Pilot P-3,
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0.2 and 0.5 inches rms amplitudes in lateral and longitudinal control iespectively, Althaugh there were clusterings
of significant differences for individual pilots in ¢ or |Y,l, these were about what would be expected by chance at
the 0.1 level when the population of pilots was considered as a whole.

As a result of this test, Figures 96 through 99, which present the results of averaging input amplitudes
are presented, There were so few wg, = 4 rad/scc runs that they are not presented in these figures. Although the
foregoing procedure has the advantaze ot simplifying the data presentation considerably, it has the unavoidable
effect of increasing the total vatiance in the various estimates for ¥,, This increase in variance serves to obliter-
ate many details which the experiments had been designed to resolve. However, such clear and striking effects as
the pilots adaptation to Y, were significant and manifest despite increases ia variance.

Sume ideu of the differences between pilots can be obtained from Figures 96 through 99 by noting the
20 confidence bands. An effort to quantify the differences in averaged describing function Bode plots tor individual
pilots was made by comparing highly similar and highly dissimilar Bode plots for we,= 1 rad/sec. Comparing pilots
P4, PS, and P 6 there were no significant differences at the 0,10 level for |Y,l in lateral and longitudinal control.
For pilots 3 and 6, who generated markedly different Bode plots, there were 3 differences out of u possible 6 which
were significant at the 0,02 level for 1Y, in lateral control and two differences out of a possible 6 which were sig-
nificant at che 0.1 level in ¢ for lateral (.onlrol Pilots 1 and 3 demonstrated § out of G possible differences to be
significant for 1Y,] in longitudinal control at the 0,02 level, and 3 our of 6 possible differences were significant at
the 0,02 level for ¢ in lateral control, This analysis was too cumbersome to carry out much further and the large
variances associated with our small sample measurements made detailed statistical analyses irappropriate,

In Figures 100 and 101 we present grand averages with o bands about these averages for all six pilots
for each of the three input bandwidths and two controlled clemeats, Azimuth, or lateral, control is presented in
Fieure 100, and elavation, or tangitudinal, control in Figure 101,

In vider to Jateriine the siguilicaee of the trend in Figures 100 and 101 for ¢ to dccn"\:c tor any
piven measucement frequency, ), as the input forcing funcrion bandwidd, m,, moreHses A series of "'t tests
was performed. Tests were made for the significance level of the inequalities ¢, > g;z Ly e and ¢hy > by, where
the subscripts refer to the values of we,, Table 9 prescats the results of these l(‘s(b 'Ihe fact that Table v con-
firms the visually appsrenc wend is all the more convincing in view of the high variances associated with these
phasec averages. A similar analysis was performed on |Y,l but the results showed only five differences, two of
which were in the predicted direction. This is what ane would expect by chance aloue on u (wo tailed "¢ test
at the 0.1 level. The conclusion shown was that [Y;] was not a function of w,. -

The averages in Figures 100 and 101 are the basis of the curves fitted to the describing function data

puu)uav l'l Lll[l |" A ||‘-[|l T" "rﬂxlmallnnc ro TP'
The actual fitting procedures were based on the following considerations:
“iad The nijotepititame (simulator) system was stable.
(b) The controlled clement characteristics (airframe transfer function) tequired the operator to develop

lead in certain specific frequency ranges, either for stability or for low frequency petformance reasons.

-7_‘

(c) The simplest fit consistent with the data should be used, though an ¢'™ would always be required.

() The value of r should nct be restricted or assumed, though it should be greater than 0.1 seconds.
Since the subject and general situation was the same far alt of an individual’s runs, and the subject
was presumabiy not expused to precondittoning of any son cther than genoral isstructions. one Lhould
be safe in assuming that the value of r obtained should not be an extreme function of bandwidth. This
latter point was not taken for granted, howevcr, being subject to a check of soits.
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Table 9. Significance Levels for Three ¢ nequalities,
CODE: ¢h =£Vp; ¢y =y, na

LATERAL CONTROL MODE LONG I TUDINAL CONTROL NODE

w
radfsec $1 > ‘-7"-1 ‘zz > $4 $z > ‘E ‘Zl > $2 ‘.f;l = ﬂ—b‘ 9—52 > a’n

0.6 n s, n s, n s, y 8 n s. e Sa
1.2 .01 .01 025 01 n, s, n s,
1.8 n s, 01 01 .01 01 .01
2.4 s .01 01 01 01 .01
3.0 (.01 .05 01 025 .01 01
3.6 ne S .01 01 .05 01 01

f Denotes a significant inequality in an opposite sense ‘rom the column heading.

The initiad siep of dic dendled fitting procedure, sines an 7% wan necessaty from a general considera-
tion of the amplitude rario and phase curves, was the constructinn of a scries of families Dy | T for various
values of r. This was done to determine an allowable range of values for simple fits, and the general type of fit re-
quired, From this step it was determined that

(1) The simplest possible form of rransfer function consistent with all the F-80A simulator duta was

Ko™ (aTs +1)
Yfe) — LS (v1-26)

As has been pointed out previously the above form has the disadvantage of not approaching zerv as s
becomes infinitely latge, Should we ascume that the describing function is of the form shown in Equation (V-2 4),
Y,{jw) approaches 0 as jwsoco. It should be understood, however, that our fits are not meant to be naively extended
beyond the 1ange defined by *he measured points nor should cne lose sight of the fact that rhe measured points are
the basic data, In addition, since an appropriate sclection of the four conseants in Equation (VI-26) in accordance
with the following considcrations results in a stable pilot aircraft system, a principle of parsimonious description
would argue against adding a high frequency lag of Equation (V-42) to Equation (VI-26). If, on the other hand, it is
desirable to folluw a principle of consistency with a larger body of data and theory, then following the Eq. (V-42)
form is indicated. Although the present development presupposes the form of Fquation (VIs26), the utility of the
Equation (V-42) form is examined later on.

(2) VWith all three input bandwidths considered, the value of r must be larger than 0.20 seconds and equal
to ui less than 0,30 scconds it the torm ot Equarion (VI-2G) :5 accepred.

Data for amplitude ratio and phase were then examined in detail, This examination tevealed that:
(1) The de gain K, is essentially the same for all three bandwidth conditions,
(2) The values of a are in the sequence a > &, > a; (rad/sec).

(3) In general, the amplitude ratio of the pilot data indicated that the lead break (1/eT) should occur in
the region of 1 < (1/a)T < 2.5 tad/sec for elevation control and in the region 2 < (1/a)T <5 rad/sec for
azimuth control. This conclusion checked nicely with intuitive notions about *‘requirements’’ imposed
upon the operator by the airframe transfer funcrion.
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The conclusians of the foregoing were then rechecked with the residual phases of the ¢y, + 720 plots,
This tesulted in the selection of a r= 0,25 seconds as an excellent value consistent with all ¢¢ the, above wnrk fnr
all three cases., With r selected, and the above points kept in mind, the final fits were m.xde. ’

The fitted forms ohtained above, and the original data points weze then added to a Bodg pln [
airframe transfer function te make certain that the ovorall system was stable,

The results of the foregoing fitting procedure are shown on Figures 102 and 103. When the fitted an-
alytic forms are adde.} to Figure 85 we have nearly neutral stability in the region of the aircraft’s resenant fre-
quency in lateral respoase of 3.8 radians/second. When the measured values of Y, for lateral response are plotted
an Figure 45, we have good stability over the cntire measused iaiige. One can see from Figure 80, howevet, that
stability is not an important c riterion in longitudinal control. It is comforting to find that, after boiling the data
down to just three Bode plots for lateral and for longitudinal control, hese averaged data are consistent with the
demands ihe controlled element imposes on the pilot, I a sensc, tis Consisicavy, which implics on cguelizing
function on the pilot’s part, justities many of the debatable manipulations te which the data were subjected enroute
to this point,

w {red/sec)
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Figure 102, F-8CA Simulator Closed Form Approximations to Y, for Longitudinzi Control.
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The analytic approximations prescnted in Figures 102 and 103 can be complemented by the following I
equally good fits according to Equation (V-42) to the dara for aileron coatrol. i
1y Avnlatir Fnee: e V ”~
o Amalytic Foem fur ¥, o
, 0.20¢°%1%5 (+/0.18 1 1) 4
(/254D (/104 1) g
5
g
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In elevation control we have the following comparable array:

Weg Analytic Farm for Y, a
. 0.63¢° %1% (s/4 41) 10 -
(s/40+1)(s/10+1)
) 063615 (s/6.41) 5
(s/20+1)(s/10 4 1)
4 No reasonable fit was achieved

The ohserved rather poor fit for weo= 4 in Figure 103 was consideraily worsencd when the effort vas made to shife
r down to 0,15 seconds and compensate with a time constant of 0.1 seconds in the so-called neuromnuscular lag
term,  An improvement over either of these approximations to w, = 4 for elevation control could have been effected
by relaxing our condirien that r's be 2qual over all bandwidths., A r of 0.3 to 0.4 seconds improves matters consid-
erabiy, if we do not relax our conditions on the desired amplitude response form of Equation (VI-26).

An examination of Figures 100 or 103, where the grand average data for elevarion control are presented,
reveals that both Equations (V-42) and (VI-26) are forced fits to the data. A more atcractive explanation of these
data will be found in Figure 146 c of this report. Here we have liypothesized a linear describing function with an
anticipation or sgn function in parallel. This medel would predict that for low linear cottelations Eq. (111-08), the
sgu function would dominate and the overall desciibing function of the human operator would approach a pure gain
with 7ero phace lag. This is precisely what we find for elevation control for iaput forcing functivn bandwidths of
one and two radians/second. The averaped describing function for the 4 tadians/secon! forcing'fuucrion input ha=
the form of a sgn function in parallel with a pure delay time phase lag of €%, It is of interest to note in Fig, 108
that che trend for measured linear correlations is to increase with increasing forcing function bandwidth, Cnase-
quently, and consistent with our obs¢rvations, the sgn function is most influential for these lower bandwidths.

6. The Remnant and Tracking Ewors
An experimental measure of ecqual importance with Yy, the open loop describing function, is p, the

linear correlation, which we discussed initially in paragraph 4 of Section III of chis report, In the assessment of
the adequacy of our describing functions, an important criterion is: how much of the toral output of the man is de-
rivable from the describing functions we have extracted. This is precisely what p measutes, for referring ta
Equation (IlI-64), we find the ratio of remnant power to the total power output:

Dnn

M o2

& ~ 7P

or if we desire wu can express the output signal to noise power ratio as in Equation (III-65)

|H”°u' P2

O T 1-p¢
We can compute these and other characteristics of the remnant from p which is [cf. Equation (111-68)]:

10,

WADC TR 56.524 154

N

oy

L
]

i

sy

z’f

iy
EAR

Ll

P

LLEE

i s




i

o

t
!
i
P
|
.
|
1
|
o 15

=
= "
= =
= 10 B
2 0.9 — i e
£ 0.8 | cod
% 0.7 1P N
= . Y ! s
- “T T+ - P2 ' = A "
- . "\ . N
0.8 I\ ,"' Y § [ Pk
L 0
0.4 ] X A R N\ \
T O \‘ \~ \‘
0.3 \ o '\\ \‘ 'o-~ \ A o
7 N \
L4
0.2 = \ "\ .~ -
- -
a 01 >~ — > \_/ - 3 \ _\ _
- “a el 3
[} 0 > v - ra ‘\
2 v 7] -
j A J
W i
4 |
x !
8]
v \
g 1.0 _ J\
2
5 0.9 E - !
0.8
¢.7 - i
o
ns + 171 i |
PP I SR N i , P
i f a7 s\ = - ’l (N
; 0.4 \‘ } PR S L s A
{ L < AR
: 0.3 —t— \\‘ /A So o ’/’0‘5\ \ v
~ [}
02 N N N\
R—— - I T~ N
¢ 0.3 | S LY DL
: Ne? S e
§ 0
]
0.1 0.6 1.8 3.6 4.0 0.1 0.6 1.8 1.6 4.0 o1 0.6 1.8 3.6 4.0

w (rod/sec) ,

Figure 104, Lincar Correlations for G Pilots with 1o Confidence Bands (Lateral; oy, - 1 rad/sec).

‘ Although p wus determined for cach of the several conditions for which Y, values were measured, we =
f will only present certain representative determinations of p at this time. Some general statements can be made =
about the bulk of these data. Although the shape of a given p plot as a function of frequency is characterisric of
individual pilots, there seems to be a consistent increase in the avetage value of p as a function of the bandwidth
of the system forcing function, whnich is demonstrawed by all pilots. R

In Figures 104 thvough 107 we present the p measurements for 6 pilots areraged nver inpur amplitudes,
together with the 2v confidence bands, for both longitudinal and lateral control of the F-80A simulator.

In ordec o get some notion of the range of significant differences in the p piuts of individual pilots, a
comparison was made between the most and the least similar p plots on Figures 104 and 106. Similarity and dis-
similarity were defined subjectively, A comparison on Figure 104 berween P-1 and P-4 showed no significant dif-
ferences; whereas P-3 and F«5 showed 3 out of a possible 6 diffetences to be significant at the 0.02 level, On
Figure 106; P-1 and P-2 showed no significant differences; whereas P-2 and P-6 had 2 out of 6 possibie differences
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Figure 105. Linear Cotrelations for 6 Piloss with to Confidence Bands (Lateral; «, - 2 rad/sec)

significant atthe 0,05 level. This crude assessment was too awkward to spply to other pairs of p curves, but it
should serve the reader in making casual judgments about variability between piicts in average p,

In Figure 108, we have p versus w for e, =1, 2, and 4, radians/second averaged over pilots.

Since an analysis of variance conld not be performad due to the lack of variance equality for the pop-
ulations of p-values sampled, a *'#'" test was performed to check the visually observed trend for average p to in-
crease with w,. In Table 10 we prescnt the results of a test of this observed trend. As with our data for Y, the
high variances about 7 make Table 9 all the more convincing.
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Table 10. Significance Levels for Theee 7 Inequalities.
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2.4 .01 .01 01 W01 .01 01
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Figure 109, F-80A Closed Loop Remnant, Lateral Control.

Vhen we compute the remnant from p, we cannot average out forcing function amplitudes as we have
doae in our plots of p since O is obviously a strong function of the input amplitude; Equation (IlI-64). In Fig. 109
and 110, @y, is measured in db, where db conversica is from units of inches¥/ radian/second, measured on the os-
cilloscope, Since the flight problem is calibrated so that ! inch deflection on the scope correrpoads to one degree
of displacement for the tarzcs at 1000 yards range, these data can be converted 1o degrees, mils, or whatever unic
is approptiate for the reader’s purposs.

In Figure 111 we have presented relative me.isures of the oper loop output noise, Iy, , based cn the
assumption that B, is all due to noise injected by the operator at his output,
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Figuie 111. F-B0A Remnant Due to Noise
Injected ar Operator’s Input.

injected at Operator's Qutput.
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Thus following (111-74):

w (red/suc)
X} 0 1 ‘ é ©
LONGITURINAL . CONTROL . _ . T 1+ %R, =—
P . . :
— \\ e 7 -
" N ) A !

0‘. . X /\} T tegrated spec:rfxfr\.

In Figure 112 we present similar curves based
on assumption that the noise was injected at the op-
etator’s input; i.e., $yp,. Thys following (1-75):

z 03 02 REaAAN T
P = I TR

Where the datu ware nurmalized as before by

i A\ 1
1 / \\ E [:o‘bu(w)dw .

It 1s also possible to plot the spectrum of the
remnant assuming that all of the temnant 1s due to
non-steady behavior as discussed in Secrion 111, sub-
section 5-d of this report by using Equation (111-92)
which defines the non-steady remnant autocorrelation
as follows:

Figure 113, F-80A Remnant Due to Non-Steady 2.0
Describing Function, Rapantn) = R

Dapay (Arbirory unirs en en erithnatic scefe}

Since the hand computations involved in transforming rhe spectral densitiexs ©,_(6) and M (@) en +tos freceuiinnding
autocorrelations, and then obtaining the Fourice transform of tha satin, Hu"u"( Y to chtain 'b -olw) were long and
tedious only one sample computation for ®yp,5{e@) was made. Figure 113 is Gppap{w) which xemesents an average
for ull pilots fur we,= 2 fads/sec, and for d= 0.3 inches rms for lateral control and J 0.2 inches tms for longitu-
dinal control. The units of the spectral density are arbitracy, and the scale is arithmetic rather than in db since
zetos occur in the spectral density values, Figure 113 presents a general shape which is typical of the other in-
put conditions as can be inferred by examining the form of the curves on Figures 109, 110, 116, and 117. The scale
units of Figure 113 are arbitrary , although coasistent for longitudinal versus lateral comparisons. The significant
feature of 113 , however, is the curve shape rather than the magnitudes of spectral density values,

Witk she ramnan: data jiesentad in the vasione fosms proviouely found veeful in analvsing ather recules,

it is appropnate to comment upon the applicaticn of the various femnant models to the F-80A data, In most cases
this is difficult because rha limitad feannancy range of cur measuremente unfartunately dots not coincide with fre-
quency ranges in which the remnant forms are varying in any exciting ways. In addition the p values upon which
the remnant values are based are suspect, and the averaging process has obliterated much of the fine detail in the
data, Some of the rapid fluctuations in individual measurements may have meaning, but the vaciability is so great
that it is impossible to determine other than grossly smoothed trends. Most important of all, the cffects of the ex-
treme controlled element characteristics tends to override most others, such as the influence of forcing funcrion
amplitude and bandwidth. Since we are hemmed in by these factors, about all that can be done is to search for
trends that may either be consiste nt or inconsistent with the other data sources. The net result of such au exami-
nation, considering the application of both the previously considered “‘nonstcady opetator’’ and "‘output noise'’
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Figure 115, Avecaged Error Spectra, Longitudinal Control,
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Figure 117. Averaged Forcing Function
Spectra, Longitudinal Contsol.
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models, can be sunmed up in the pegative statement that the F-80A data is not inc onsistent with these remnant
“‘explanations”. The paasibility of a simple *‘input noise’” injection model similas to the whice uoise approxima-
tion which had some lmised value for Elkind's dats, is largely tuled our for F:§ o e

- - i

A stialghtforwaed method for evaluating a tracking _systém is :o,cpmpg\gggigjﬁg,sxigtw the eror
spectium, Our measutements of the deseribing functions have enabled us to tell how the pilochas been ontrol-

Ying his aircraft, but they do not tell gs how well, in an rms ettor sense, the pilot is tracking. To compute such A

measure we need both the describing function data, rthe input forcing function and the closed loop noise, Opn. Ve
can, however, measure the ercor spectral deasity directly, and this has been done and averaged over all pilots, In
Figures 114 and §1 we present the error specirs foi azimuth and clevation control, The ardinates are db converted
from O expressed in units of inches 3/rad/sec, measuted on the pilot’s oscilloscope. It is difficult to obtain rms
citors for these data since we cannot be sure how he cutves extrapolate to zero, it is instructive to compare these
spectra with the averaged input spectra shown on Figures 115 and 1i6. As befors, the uaderlying units of the
ordinate scale are inches¥/radinn/second. Since the filters used to shape ®;; were known, the zero frequency
asymptotes are known, hence the Figures, 115 and 116 were used to obtain rms valuee for the forcing function

ioput using the relacion:
. %
" Vit = l-zl,; f°°°¢i.(w)dm] .

t input bandwidths, and the derived values in inches mms for the

The tms magnitudes are approxiwately equal ove
or lateral contsol, sre:

low, medium and high magnitudes in azimuth, o longitudinal conttol, and elevation,

Low Medium High

Aileron .............. 0.25 0.81 1.0
Elevaiioa........... 0.18 0.48 0.80

1z can be noted from Figures 113 through 116 that the error spectrum is not proportional to the input
spectrum since the spread becween lom, madium, and high input megnitudes is compressad considerably in the
crros spectrum. A second obvicus poimt {s that the ecor spectrum is always higher than the corresponding input
spectrum. This siate of affairs might grempt the ramark that the airplane would do better without the pilet at-
tempting to fly it! This remask, of coutse, ignores che fact that the pilot is stabilizing and directing; that is,

tlysng the ALCALL, &NA LOE CIFVT BPSLUUN teaune faviu Like pronCaee
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Section Vi
THE YARIABILITY OF DESCRIB_ING FUNCTION.,-DATA

A INTRODUCTION _ _ VS .

One of the fu'st quesuons that arises in an memp: to apply mensured descnbmg functions for hq:_ljanv-
operators is the exteat fo which a specified function applies to the problem at hand. In Sections V and VI we in-
dicated how the dynamic response of the human operatos adapted izself to the demands of the forcing function inpus
to the control system as well as to the constraints imposcd by the dynamics of the controlled element. In addition,
we presented a brief discussion of the sampling variability to be expecied in describing function estimates together
with illustiuiions of measurement variability for individual subjects tracking with a controlled clement (Figures 96
through 99). Thers are many wlditional influences which might be axpacted 1o increase the vasiability of our esri-

ces whie amagy o

mates, and we will attempe o discuss some of them in this section, Several of the influences which immediately
come to mind are:

(o) Variations in the describing function over time intervals which are long with respect to min langth
i. changes due to fatigue or satiation
i, changes due to practice
Iti. changes due to motivational factors
iv. length of time interval over which data were examined
v, ‘'set’’ to respond and instmctions
(b} Variutions in the describing function duc to differences amung subjccts
i, level of skill attained by the subject as limited by physiological factors
it. see a-i, a-ii, and a-iii.
i, changes in physiological state due to drugs
{c) Variations in the describing function due to a dilution of the operatvr's best efforts
i, conflicting demands competing for either visual or manual attention
if. manual encumberances such as pressure suits,

The foregoing listing could easily be extended and expanded, but since we will only be able to present
empirical evidence for a few of the possibilities outlined, further conjectural detail is not valuable at the moment,

B, VARIABILITY IN SIMPLE MAN GENERATED TIME SERIES

Since the describing functions in -which we are interested derive from spectral density and cross-spectral
density measures of time series generated by human operators in closed loop eye-hand vontrol tasks, it is of interest
to determine whether there exist measures of the variability of either the visual sensor or of the manual effector con-
sidered either separately or in tasks peripherally relatad to eracking problems. It would be unrealistic at this atage
to expect a simple relationship such that, for example, certain types of variability could be specifically associated
with end organ, central processes. or the neurn-muscular sustem nf tha trackar, (In a sense, we are implying the pos-
sibility of measuring and assigring vasiability to the various internal human operator components, much as we ate
tempted to analyze dead time in human control behavior in Section IV,) We can, though perthaps naively, hope for
the attractive possibility of such an eventual development. We shall present two examples of experimentation in
this direction. First we will discuss measuremenrs made in hrain wave time corine,

As part of a general investigation of the electroencephalographic correlates of ‘'state of consciousness”
carried out at the Franklin Institute [94], spectral densities were computad from the voltages generated in the
visual cortex for six subjects. In addition, cress-spectral densities were computed of the so-called visual forcing
funciion (created by a strobe lamp of duty cycle varying from 2 to 22 cycles pet second depending on the experi-
ment) and the evoked ¢z driven electroencephalographic voltages measured on the scalp area above the visual cor-
tex. The spectra, measured from two to three minute runs, ware characterized by epproximately 100 degrees of
freedom in the Tukey sense, and consequently it was possible to make significant discriminations of measured ef-
fects, Findings peripherally related to tracking can be summarized as follows:

WADC TR 56.524 169

}
.

i

e
di

A4

Yo ds db L ary @

AR

o

)

[
¥

i MRS (]




(0) The visual process measured by the spectra computed from visnal cortex voltages was significantly
different from individua! to individual.

(b) Dmgs sich- ds epinephrine sud mettazol, and trial ordet. snd.possible fatizue in the experimental -
situntion,-had significunidy different cffects from subject to subject, o
{¢) Cross-spectral density measures berween visual inpui and svohed response mdn,ated that the time

lag between the fundamental of- the-visual forcing function.and- the ﬁmdnmentnl of r:sponse -evok i
the visual cortex was generally within the range of 035 o .07 seconds which was stated to be the o
latency of the visual process in Section IV, The time lag measured from the cross-spectra decreased o
as the visual input frequeacy increased, This effect is consistent with our sematks in Section IV since
the higher flash rates may be considered to produce stimulus of higher energy conteut by dint of the in-
tegrative action of the visual process. . . : S

% il 14 A T "m' . e Takamils Yhaade i 1 4

SR P g g oy AL A g

The foregoing findings arc not cnpable of extensive generalization because of both the casual experi-

mentai design employed, and the small aumber of subjects studied, The data are etimularing, however, ond we pre.

sent them in this light.

It is difflicule to find data percinent to the variability of time series associated with the various intemal
components of the human tracking mechanism. The next step in complexity, as we approach studies devoted to
closed loop teacking tasks, is nrovided by Abclson’s swdy of individual differences in the performance of routine
repetitive tasks [1]. Abelson refers to snme convereational remarks by Dr. Shewhart to the effect that from his own
ubserva:ions it is virtually impossible to find a series of repetitive human performances which is '"ia contrel'’, By

"in control”’ is meant that measurements on successive outputs are indapendent, and thar these individual measure-
ments are normally distributed with a fixed predetermined variance. In other words ''in control' tefers to a stationary
time sciics for which the spectrum is flat out to some limiting measutement, Varions human decision and judgment
processes, which have Leen shown to be desctibable by a Markoff process, would thus be ‘out of control ™, and
~ould corroborate Shewhart’s position 190]. Ahelenn’s «endy was ditacted taward specifying this unusual “out of
control®’ behmvior, and attempting to relate individual differences to this behavior.

L RNy i A

The sample of behavior examined was the task of jabbing a stylus at a target, a sort of open loop dis-
crete tracking problem. This choice of task was made for the following reasons, among others:

(o) It is desirable to minimize lcataing and fatiguc factors since they tend to make the time series
non-stationary.

(b) ‘The observations shiould be easily measured and the task production rate shouid be high.

{(c) The poal of the perceptual-motor tack should be kept constant, for atherwise the results muy be
dependent on the manner in which the goal changes, The task chould not, however, be so simple that
performance variabiiity 1s negiigibie.

In the experimental procedure the subject stood alongside a table on which a box was placed. A square
of paper on the box setved as a target area, and the extent to which this target was defined was one of the experi-
mental variables. Under the target, a typewriter ribbon backed metal sheet served to record the subjects jabs on a
tape which moved at a constant rate across the length of the box, To minimize the cffcet of the subject being in-
fluenced by the knowledge of where his previous jabs had landed, the target papers were covered with a large num-
ber of indentations prior o the experiment. The stylus was held so that the top touched a backstop placed fifteen
inciics above the target area, When in this position the point of the styluz was eight inches from the target area,
The subject set his own jabbing rate, lifting the stylus so that it made contact with the backstop after each jab,
and continuing until he had pioduced 10U jabs for each of five task variations. Tihre wask vatiations, wiich weie
sainor redefinitions of the target area, are of little interest for our purposes. Thirty-three subjects were used and
fifteen of them were retested on the same tasks one month later,

The time series so generated were converted to spectra, @, after appropriate smoothing, and for each ;‘3 |
subject, each task, and lag values of p = 0, 1,2 3,4,7,12,17 jabs the ratios of the spectra = :
m"rcmt
0Pcelt 3
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were computed. According to Tukey [81], if the true population value of @ is & then

» : .
s ' ' el -
is distdbuted as y? with / dcgiecs of freedom whera:

2(NUMBER OF OBSERVATiGnS IN THE TIME SERIES) IN

/= NUMBER OF LAG COVARIANCES COMPUTED = m

for a reasonably flat spectrum. There is a loss in degrees of freedom as the specrrum departs from flatess.

Under a null hypoiliesis of ne difference between test and retest and with a selecied sigaificance ievel
of 20% (xY/ is approximately distributed as F, where [ = n and n, is very large, and a two tailed F list with 10% on
each tail was used), 33% of the ratios were significant. This is considerably higher than the expected 20%. An an-
alysis of variance further demonstrated that the task and subjest task intetuction variances were not significant,
‘Thus individual differences were the mnjor causes of significant difference. It turned out that the variance, o2, the
proportion of low frequency components in the spectrum, and jab speed, were particularly goad indices of individeal
differences, Jab rate, of conrse, is not a measure detived from the spectra,

In an effort to relatc these pattems of individual difference to personaliry variables a correlation of
sorts was obtained with the following factors:

(a) Degree of persistence of perceptual focus (i.c., puwei of attention).
{bj Manual dexterity.
{c} Degree of emotional commitment to task situation.

These petsonality factors are pertinent to closed loop tracking as welX and it can be seen that they
teflect some of our a priori notions of sources of individual variability.

The only summary starrments that we can make about the two foregoing studies are that:

{a) They leave much to be desired in our unrealistic hope of being able to apply a '‘system reliability”
approach to a human control system,
(b} Both tasks demanstrated relatively high differences between the performances of individuals,

It is of interest to wonder whether the preceding studies did not favor high individual diffetences by
dint of their free stiuctures, since behavior was neithet constrained by a mechanism nor oriented by a rigid task
goal. The fact that this freedom of accion resulted in individual differences is something which we could have ex-
pecred with all the wisdom inherent in hindsight.

C. VARIABILITY IN TRACKING TASKS #ITHOUT DYNAMICS

In the introduction to this section we mentioned several of the possible sources of contaminating vari-
ability in describing function measurements. As implied in our treatment of the previous subsection, the variability
of describing functions has the same origin as variability associated with other time series measurements of human

merfarmanae mrishoe snaoe A on mabhnasicans a

.al.m.at.u-.s which nay fuuunuy icaliuciuie sulh s setiey measure-
ments into describing functions or other useful functions. The argument that these variabilities are related does
not, of course, make any provision for predicting how variability will manifest itself in describing funcrion data.
Therefore, wherever possible, we prefer to examine describing function data directly. Much of the carly and peri-
pheral research, however, was piesented in tenms of power spestra or magnitudes only of describing functions, and
we will present some of these more primitive data in order to make our development more comprehensive,

Although all of the early experimenters who used spectral analysis techniques to characterize human
operators in tracking tasks were aware of the basic assumption (1.¢., that the time series generated by the tracker
were stationary), very few attempts were made to smdy this assumption in any detail, In general, the experimenter
made a small iumber of measutements which satisfied him that the process was time stationary, and he then pro-
czcdzd = zxazine the effecis of vther variabies. As a ruie a run duration of irom half-a-minute to four minutes was

WADC TR 54.524 171

TRl e b

A

T

e

H
§




TR TR g

selected as providing a stationaty sample of behavior, There is, however, ? tefetenfe to work performed A ﬂm .
nivexaity of indiana [$], by Bénepe, Narasinhan and Ellson, which is a rather completé study Gf mn-td=rin. van-
sbility jn human tracking petformance. The Indiana experiments examined the specsral densiry of :ncluq; ervol in
2 one dimenaiensl pugenie tacking sitation.® The visual display consisted of a ) inch 6 6 inch |
gray panel. - The background-of the opening was an evenly illuminated-white.-to-permit-eaiyo ohagecys
pointers, The upper pointer was driven by a target generator which wag used to produce two-forging f tum:_ngn_l
interést to us: i(t)= 2sin(¥7), the simple inpur, and £;(r) = Y sia (% #) 4 ain (1) the-complex-input; both in-inches
The maximum horizontal excursion was set at 4 in. for both inputs, and the maximum-horizontal excursion of.-the sub-
ject’s control pointer was six inches, The difference between the control and forcing funetion - sngmls was fed toa
Brush recorder. Spectral densities of Ogp were obtained by sampling the recorded error function twelve times a
eecond for o total of 450 =amnlee, computing auracorralations for 40 Ings, and then computing the Fourier transforms
of these autocorrelaticns. Siace ao mention is made of any smonthing either on the autocorrelation or the spectral
density, we must assume none was done. As Wiener points out [Ref, 93, pp- 36-43] the smoothness of the spectrai
density ®lw) is relared 1o the value of the autocorrelation #(r) for high values of r, thus one can cre that formal
transformation of an autocorrelation of 60 lags may produce spurious spectral density detail due tr possible com-
putation noise and other inaccuracies at the high values of r, Secondly, raw spectral estimates, as lukey points
out, arc not as accurate estimates of the process under measuremcat as properly smoothed estimates, As a cone
sequence we have smoothed the Indiana spectra in an effort ro obtain hetrer estimates than those presented in Ref, 5.

The smoothing formula used was:

Gl — 0.54 4’""(&);) +0.23 [‘hgn(w,) + d)un(w_‘)]

where ‘P“n are raw, or unsmoothed, spectra and @y is a smoothed spectrum,

The first data we will discuss were gencrated by 16 subjccts after nine practize rials using the simple
forcing function input. Two adjacent 450 point, (37,5 second) samples were taken from each record and the com-
puted spectra wese presented in Ref, 5, In order to determine whether the test-rerest comparisons for the subjects
were significant, we smoothed the spectra and computed the ratios of dgg test to Wgg retest for the first seven
poiiits ~a the spectrum, which covered an 8 rad/sec bandwidth. The data presented actually extended to 34 radians,
but there was cleasly no need to examine the data beyond the bandwidth we selected. The number of degrees of
freedom: were:

I 2x450

m . 60 = 15.

Each ratio was distuributed as x¥/13 and it was thus possible to make u test of the significance of the rest-retese
comparison for cach of the seven spectsal compnnents and sixteen subjects. Using a significance level of 10%;
i.e., n two tailed y? of 5% vn cach tuil, 10 of the 112 ratios were significant, This is, of course, what would be
vxpected un the basis of chance and indicates that there is no reason iv belicve from the data avaiiabic that e
individual trackers were not behaving in a stationary fashion, or that thete were Jifferences between subjects in
their '‘degree of srationarity’',

A simila: axperiment was conducted using the complex forcing function input. Again, we smoothed the
raw test and retest spectra, and examined the test-retest ratios for significance. A bandwidth of 9,2 radiaas/ second
including 8 points per subject was examined. Again, e!aminmg ratiog at the 10% level of significance, 27 out of
125 ratios were signifizzn:, However i of thesc significan: diiferences were conulluwa by subjeris 13 and 15, so
we have a clear individual difference effect. We can then conclude that the human operator is time stationary over
the 37,5 second samples, and that individual differences are more important as the task increases in difficulty, In
Figure 118 we have plotted test und retest spectra averaged over the sixteen subjecis 5z the simple complex inputs,
The line spectra represent the difference between the two inputs on an asbitrary db scale,

® Ag o rule, in rhie report we have dizcussed compensatory wacking separaiely from pursnit rracking. Further along in Section
XI we will discuss pursuit tiacking in detail. It was felt, however, that the Indiana data were primarily of interest because of
the variability they studied rather than as examples of pursuit tracking, and therefore they are presented in this section,
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Figure 11R, Smoothed Frror Spectra From Indiana Data,
(Reference 5, Tables V, VI, X1, XIV)

A *'I" test was used to determine those differences for both simple and complex inputs between test
and retest averages for §5; which were significant at the 0.1 level, The aumber of significant differences, which
was oue tor the simplc and one for the complex input, did not exceed the number to be expected by chance alone,
The foreeoing, together with the fact chat the ratio gy /ff)” tor the ®gg values averaged over subjeces for each
measurement frequency was usually Y or greater, indicates that a large residual variance due to differences becween
subjects made our measurements incapable of resolving any detailed differences between means over subjects,

It is of further interest to note that the compsrison of the averaged etror spectea between simple and
complex inputs indicates that the only difference between them is a constant increase of 2 or 3 db in ctror power,
Thete is no manifestation in the error spectrum of the different spectral content of the two input signals. In order
to determine whether variability increased with task compiexity, an F test was performed on the variances about
®zg for simple and for complex inputs. For the test: odz, > 03, at the 0,05 level one would expact

'lconplc: '"li-ph

about one chance inequalicy out of our 14 comparisons. Actuaiiy, 5 our of 14 inequalities were significant at the
0.05 level in the predicted direction, All the other variance comparisons were not significant. This finding indi-
cates an interaction betwesn rask complexity and variability between subjects,

The {otenuing interpretation of the Indiana data is not the same as that expresseed in Referance S.

In a series of small scale experimenis at the Franklin Institure [49, 50, 51] efforts were made to examine
certain aspects of the causes of variability in the spectra of tracking time series. A one dimensional compensatory
tracker was used for which the display was a cathode ray oscilloscope mounted 28’ from the subjects eves. A pip
on the CRO executed discrete left and right steps in a fixed horizontal line on the CRO face. The subjects task
was to center this spot on a vertical fiducial line using a spring restrained joy stick which had essentially no dy-
namic influerce in the ragion of the operator’s bandwidth. The programming appasatus for the forcing function was
degigned o produce square pulses of durations which could vary in eight discrete steps from 0.25 to 1.21 seconds,
A program was devised so that a total of 20 pulse durations were selected from a Poisson distribution of zero cross.
mgs such that the average pulse duration was 0,75 seconds, whereas the pulse amplitudes were selected from a
Gaussian distrilaution of mean amplitude of one centimeter and standard deviation 6,25 v, The pulses were pre-

sented alternacely ieft and right. The measured spectrum for this foccing function is presented in Figure 1194
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together with a plot of the asymptotic value of this input spectrum. The experiment in which we are interested at-
tempted to determine the effect of instructions on the describing function of the humnn mcket. lJnfonunately only

the magnitudes Yl=ic |/\E| were computed, R

“Two male subjects S1 and S2 were used Slwasa retxred military man i}\o had -at 1;55 thifty_vears of o

flying experience, and S2 was a male non-pilot in his garly twenties, The same.program. of_squite&pujﬁngr_‘z'aa;prs S
scared to cach subject, and cach subject was given intensive training in the tracking problem. On the first day of )
the experiment S1 was instructed as follows: *'It is of crucial importance-to this study that you pay carefal steens
tion to these instructions. Return the pip to the vertical line as accurately as you can.'’ On the same day 52 was
gwen mstrucnons which differed from the foregoing oaly in that the word “'zapidly’® was substituted for the word

‘accwaiely’”s Prie: to recording the three time functions, i(#), c(1), e(¢) for each subject, the subjects received a
familiarization training of a few minutes with the tracker. Following this session, the subjects underwent four train-
ing sessions of five minutes each, separated by intervais of about one hour. During these sessions each subject
repeatedly tracked the same program under his particular instructions, which were repeated at the onset of each
training period. Aa hear aftet the last training session the subject was once again given the appropriate instructions
and presented a succession of five 20-step programs each of which was about 15 seconds long. The signals i(#),
(1), ) were recorded for the last two of these programs, and these recorded signals were considered to be repre-
sentative of a trained subject.

On the second day of the experiment the same procedure was adhered to except that S1 wus insuucted
to track for speed and S2 was instructed to track for accuracy,
The results of this expetiment are shown on Figure 1195, The two accuracy runs and the speed run for

81 provide describing function magnitudes, the differences between which are not detectable, but the speed run for
§2 was significantly differeav from the other three runs. Efforts were made to fit the data on Figure 1195 using the

conventional form of Equation (VI-26):

, _ ket )
L Trs + 1

Of course, we can't puc much faith in such a censtruction of Yp based on the amplitude response alone. It was pos-
sible to estimate r from time records of previous data in this experiment as 0.29 to 0.3 seconds, It is interesting tv
examine the fits for insights into the meaning of “*speed’’ and "‘accuracy.” For S2 "*speed’’ meaut:

a. higher dc gain

b. a shorter integration time for his smoothing action implied in the lag tetm

in ¥p.
On the other hand “'accuracy'’ meant:

a. lower dc gain

b. a smoothing iime constant tripie what it was for speed tracking

e. the same lead time constant,
This is an eminently reasonable intetpretation of the instructions! Si1, however, proviaes = pvobiem since ws  sprsd’’
and '‘accuracy’’ runs are not different. We are confronted with both inaiviauar aitrerences i performance, wiicis 525
be based on the order of performing the rask, on the interpretation of the instruction, cr pethaps a difference in per-
formance capabilities. The main point of this little experiment is that a subject can change his manner of response
due to instructions. It is ot added interest to nete the lack of individual differences when hath subjects intecpreted
‘accurately’’ the same way, ’

Russell was the first experimenter to study sources of variability in their effect un the complex desciib-
ing tunction, We will discuss only his examination of the effects of inscruction and of physiological changes in the
tracker, Using the apparatus we described in Secticn V in a task for which Y, = 1, Russell asked a subject to ury
harded and thea o try very hazd, afies cbeaining his describing function for normai effort. On Figure 120 we present
Bode plots of these data, togather with simpls fits to these plots, There i lirtle difference between “‘harder®® and
"'very hard,’’ and it appears that-asking for increased effort was interpreted by this particular subject as meaning

o, increase dec gain
b. decrease lead
<. maintain about the same smoothing time constant.
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There ate other means of changing the describing function the tracker selects for a given problem besides changes
in his insteuctions. His physiological characteristics could be changed by stimulants or depressants, -Russell . .
chose ta examine the effects of a depressant ingested in two ounce, 90 proof, units. The subject made-a-seri¢s-af
five, 4-minute teacking runs over a two hour perled, starting sober, and consuming two.cunces of £0-proef - hggk,gL,, g
after each run, At the end of this period the subject could walk satisfactorily, i was L”_gg‘ggq 1
have bien inadvisable to'drive a car. On Figure 121 we see the-heforé-and after results of-this-nioble-exp
We note that the subject’s gain decreases and that his ability to.generate lead deterioraces-ten-fold. ~The implica- - - -
tions for future résearch are clear, It should be possible to design automobiles so thae their effective contsolled .

element could compensate for the drunken driver's deficiencies. Thus a sensor on the dashboard operating on *he
alcocholic concentration of the air could adjust the gain and phase of Y, so that good sysrem performance might he
maintained despite the detecioration of Y, Bedore such a venture could be considered seriously, a large scale
measurement of the describing functions of the population of motorists would be needed, The prospects are intoxi-
cating.

Elkind made a thorough scudy of both individual differences and time effects on describing functions
in the following experiment performed with his apparatus previously described in Section V.

As described in [23]:

Three subjects tracked in a compensatory system four identical groups of input aignals, each group
containing three members, These subjects hud previously teained by tracking thirty 4 minute runs over a period of
a week, The time that elapsed between presentations of the groups was the chief variable, being one hour, 4 hours
and 4 days. The interval between presentations of the individual of a group vas only a few minutes. This proce-
dure made it possible to examine both long-time and short-time variations in the operator’s characteristics. The
input had a receangntar specerum with entoff frequency of 0.64 cps aad 1 inch root-mean-cquare amplitude. The
three input signals of a group were identical in oll respects.

Figures 122 and 123 present part of the results of this expariment. Figure 122 was obtained by aver-
aging over subjects and over the three replications in #ach group. Therefore each point represeats, save for one
minor exception, the average of 9 guantities. The long-time variations in subject performance are given by the dif-
ferences in the group means in Figure 122, In Figure 123 the averages are over replications and groups and the
differences are due to variations among subject means, The standard deviations frown the magnitude and phase are
shown on Figures 122 and 123 about the means for the quantity at the following frequencies 0.08, 0,32, and 0.60
cycles/secand, Inspection of the Figures 122 and 123 indicates that th~ differences between the averages are small.
The standard daviarion in paonityde ic ahaut 3 ceence 2f oo mean and the standard deviation in phase is about 3°.
Analyses of variance were performed on the real and imaginary parts of the closed loop describing function H(/), and
at the three ftequencies for which the standard deviations were shown. Thete were no significant differences at the
0.01 level for the compensatory runs, At the 0.05 level of significance the differences among subjects at 0,08 ¢cps
and 0.32 cps for the imaginary part of H were significant, and three subjects and group interactions were significant.
The inceractions of subjects and groups could be an artefact due to equipment inaccuracies since each group of runs
was performed as a unit, Assuming such inaccuracies wete random, they could cause the 3 significant interactions
found between subjecrs and groups. The two significant subject mean differences would be expected by chane for
54 F ratios at a significance level of 0.05, It is important to note that the lack of significant differences does not
result from a large residual variance attributable to experimental variables which could obscure large variations in
opefator characteristics. The face that the individual standacrd deviations in Figures 122 to 123 are small indicates
that the residuale are emall, Thue Elkind’s data provide the final aigumeiri ugainse the imporeance of either tyme
variation betweea runs or differences among trained subjects for simple tzacking tasks.

As an interesting aside to the main line of his study, Elkind demonstrated the hunan operator’s ability
to vary his tracking parameters as a function of instructions or set to respond. One subject, in a different series of
tests from the one just described, believed that he could improve his putsuit tracking of input F-1 (see Fig. 27) if he
were to consciously attempt to smooth out his high frequency output. Input F-l is phenomenally a low frequency ran-
dom signal with a superimposed high frequency noise. This subject tracked F-1 using two different tactics: his nor-
mal mode in which he arzempted to follow all the input fluctuacing, and a fiitered iwode in which he concentrated on
the low frequency components and attempted to suppress the highs. Closed loop describing functjcns were computed
and these showed a very slight increase in low frequency gain at the expense of a phase retardation of nhour 40°
bescnd the input sional’s handwidrh, The mean square errots for both taciics were essentially equal, bur were
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his time constants.

‘I'he studies in this sub-section have demonstrated that variability, in tracking tasks witheur controlled
elemen: dynamics, is dependent on both the tusk and the degree of subject training. Both the Elkind and Indiana
data point this up. luwever, in both cases, the imposition of a well defined task goal apprurs to diminish the
variability among subjects as compared with a simple rapping task. For example, compare the chance level of
sigaifivant individuals rest to retest ratios of spectra for the Indiana data with the well above chance ievel tor the
Abulseer - ~i-ieicsi fatius fui indisiduals, Theic ducs noi appear io be any significant amount of variabiiity
assignable to time effects in simple tracking tasks, The parameters of the human describing function are functions
of instructions and the physiological condition of the tracker.
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D. VARIABILITY IN COMPENSATORY TRACKING SYSTEMS WITH DYNAMICS

The data on variability in contro! systems with dynamics are not as well defined as the Elkind data
presented in the preceding sub-section. This unfortunate citcumseance is duc to the 'arge amount of residual varis
ability associated with the presently availshle measurements. In Section VI, Figutes 96 10 90 und 104 ro 107 ooe
have previously ptesented data which indicate the extent of variability both within and among subjects. However,
as we cautioned at the time, there were many confounding effects associated with the averages such as, amplitude,
time order effects and measuremenr fallibility, We arc, therefore, reluctant ta attempt to draw any strong conclusions
from these dara.

It is, however, of some interest to present some cata taken from one subject in an experiment which

attempted to determina the effecis of “‘tracking fatigue”. The procedure was as toilows. lhe subject, & traiped
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Air Force jet pilot, had tracked 50 or 60 runs in the Franklio F-80 simulator over a period of six hours with various
forcing function band widths and tms amplitudes. The experimental problem was to track continuously for ten mig-

utes for each of several input forcing functions. Adequate rest per-iods wete used between these ten minute bouts, - -

During the cowse of this continuous sracking twu minute samples of tie pilot's Jescribing function datd wete re-
corded. We have reproduced the resules of the first and last two minuee intervals for a foreing function giitoff fres
quency of 2 radians, Figures 124q, b, ¢, d are for an rms forcing function Amplitude of 0.3 inché's on:the CRO face,

and Figutes 1254,b, ¢, and 4 are for an tms amplmlde of 0.8 inches.. Although this experiment was performed on— ..

other subjects, much data had to be discarded due to computation difficulties, so too few first and last run pairs
were available to make averaging over subjects meaningful. In as far as subject P+G's describing functions and p
measures are typical of the sample of pilots studied, Figures 124 and 125 are reprasentatives of ““tracking fatigue"’
effects on Y, and on relative Oyy, and @,

I will be acicd that there was ao atiempt mads 1o fit ¥, for lengitudinal contral in either Figures 1246

or 1255. The reason for this is not that we didn’t try; we just weren't successful with any simple fit to the data,
Furthermore, although the data points are presented up to 4.8 radian/second, the reader should not put much weight
on data beyond 4 radian/second. Lxcept for the differences in error spectra between first and last runs ter the 0.3
inch rms amplitude forcing funcrion, which are barely significant for a few frequency hands ae the 0.1 level, and a
few differences in Y}, there is no strong effect due to “‘tracking futigue’’. The two different fits to the ¥, dara in
Figure 125a at= not based on fitm statistical ground, and their weak reason for being is a search for trends. The
conclusion to be drawn from these data is that our measures were not sufficientlv sensitive to discriminate ‘‘tracks
ing fatigue'’, or that such an effect does not occur for the conditivns we studied,

It is of interest to examine the duta summatized in Figutes 96 through 99, and Figutes 104 through 107.
One can compute the variances associated with the computed quantities {Y,|, ZY,, znd p for cach of the six pilots,
and then detesmine whether the deaands of the tracking task, as indicated b) Weo nnd the mode of conrol, influcnces
the size of the varsance for the yzrious quapririre, Ope mipht expect that, ae the tasl heeames more demanding, the
range of poseible ¥, '~ uvailuble 1 the pilot would become more restricted since fm!L.n. to generate the proper Y. 'g
means the pilot-aircrafe combinacion is effectively '"dead’’. Conscquently, a decrcase in ¥, variance might be ex-
rected as w, successively assumes she values 1,2, and 4 radiuns/second. Since lateral control is more demanding
than longitudinal control, one would further expect that this hypothesized trend would be mure pronounced in latesal
control. There is, however, no such influence toward greater uniformity operating on p. In fact, one might asgue
thac as the task became more demanding p, which is characteristic of individual behavior untestricted by controlied
element constraints, might show increased dispersion,

For each of six pilots, the variances for Y], /Y, and p for longitudinal and lateral control and for
each of the 6 measured frequency bands were computed for ay, = 1 and 2, An ¥ test was applied ro variance ratios
which differed only with respect to the forcing function input baudwidth. Table 11 presents resules of a two sided
F test at the 0,10 level of significance for IY,l. /Y., and o for variance ratios not egual ro unire  Thuc ohe 2o
equality'’ hypothrsis, in esher directien, 1s signifivunt at the 0.05 level.

In ‘Table 11 the notation 2>1 means 0(‘2)‘0:3:' o,ﬁco:, at the 0.05 level. We can make the following

inferences from Table 11, which describes Y, variances.

1wl  rae

(a) There are strong individual difference trends which are not comm---. ! _* /1,

(b} The fraction of |Y,| table entries for which 2>1 is 0.055, and for 1>2 this fraction is 0.155.
A vzlur of 0.05 would he sxnacrad hy chanes for mach individnal fraction,

(c) The fraction of £Y; table entries for which 2>1 is 0.083, and for 1>2 this fraction is 0.22.
As before 0.05 would be expected by chance for each individual fraction.

(d) The contrel mode does not appear to have much effect.

In Table 11 we also present the sigaificant variance inequalities for p. Herc we note:
{a) There ate strong individual diffetences.

(b) There is no strong effect due to control mode.

WADC TR 56.524 182

‘WF"”'WTZHEGWF'%W"%J

o

5

Ty




P - ey

w (nd/aex)
%l e 1] X m
» - -
. |
=
113 - L] \
i | L i M~
<’ A ) = ™
ot a
10 L -
‘/
LATERAL CORYROL
“ '\
N
» - 41
x
to Ny
R \\
N
o \\
L] ) \\
b s N\
. i ¢
100 G
4. Y, Measured in a Ten Minute Tracking
Fatigue Test; Lateral Control (4— 0.3 iue
u o 3 “Best Fit”
Operator Transfer Function:
" v o 9:1e%¥(5/0,08+1)
P ] < P= As/e Ds/100 D)
; . * .| w v i# =
1 4 g o Fo]
I
Lougivpnieay comragy f—f— —— B SUbiQC' P-6
0
J X Firet Twn Minec.
) | f - .. e
] 1 —~  ewal WO MINUIGE
. 1
) o = 2 1ad/sec
f b J 4" d = 0.3 in, rms
§ 5 5 [ L ]
" 5. Y, Measured in a Ten Mioute Tracking
e T R Fatigue Teat: Longitudinai Control (4= 0.3
- I in. tms),
Figure 124,
WADC TR 5¢-524 183

XLNE KV

voibas tbe

o
2
:
i
:
H
!
'
i
|

Juo

v

hat




LS Wﬂ'

e

Hre

Cu fosi

Opp (i

| e

o fdfsee)
. ¥ "
o
o - -
LATERAL CONTROL o » »* =
19
| ]
. Pa
bt
L)
x
w4 IR RES N
B A
LONOITUBINAL COMYROL
G 1
] . o
u » o
q
e a
] L P o
X
.
w trad/ sec)
(X} .0 w0
130 —
x
LATERAL CORINCs ¥
q x
3 3. o
o)
a
] T
]
l k
(238 W—
1 IR LA
i o
¢ T
. . x
LOFGITUDINAL CONTROL
‘ i
°
",
o x
X
q
x
Q
.
o

Subject Pag

X Fiest Twa Minaten - 2. =

o Last Twe Minutg:; -

ko = £ rad/sec
d =03 in, rms

c. Relutive Closcd Loop Remnant, ®,,,
Measured in & Ten Minute Tracking Fatigue
Test (4~ 0.3 in. rms).

o, Error Spectrum, Bz, Measured in a Ten
Minute Tracking Fatigue Test (d= 0,3 in.
£rms),

Figure 124 (Cont inued),

WADC TR $548.524

184

3
=
@




AP 3 ting e ag,

R L1

1A

AR (&)

PHASE fdep)

o fend/anit

53

[ 3] e H [} ]
® - flos = =~ — -~
“ f - §~~
I =B [
;w.:,!'——“—-{"——- 4'ﬂ'f \__\‘
) i~ -
3 ‘1// '
» e
-
LATERAL COMTROL L-q
“ ] -
- .\
-] 1 N
N 20 R S o ;
[
Do - AWA
"i NN
0 - ALY
' N
. LN
$
a. Y, Measured in a Ten Minute tracking
Fatigue Test; Laterai Control {¢= 0.8 in.
rms)e
"Beost Fit" Operotor Tronsfer Function:
w (red/ses) -_— Y ’O-_S_E:o'"‘(s/oviig
o ue » P= (s/25+1)(s/10 +1)
. Y. - 0.04¢%3%(s/0.06+ 1)
* ¢ (s/3+1)(s/10+1)
[ ]
10 " e h 3. e ¥
. ] ° -] ‘: L .
i l 1 Subject Fed
LONGITUVIRAL CONTROL
i X First Two Minutes
0 Last Two Minutes
" 4 oxo = 2 rad/ sec
-t d = 0.8 in, 13
F e I s o S
° . e | 1]
- T _— T
i 1
b Y, Measured in a Ten Minute Tracking
Fatigue Test; Loogitudinal Control (4= 0.8 in.
ms),

WADC TR 56-524

Figure 125,

185

Y

"\xm%
it 3ok

oy

-

LRI L

Lo .00




" e T |

: S ey et ol - - [EEERS— L S;'E-!i
8 F s
i £
= %
s £
“‘ w lead/wuc) 5
;_- ol 9 i
- e gle Subject P-6
:;a w
- 'i, LATERAL COHTROL ] e 2 o X Firs* Tw° Mi“u,es .. _
° . o
. B " 0 Lest Two Minutes '
@ = 2 rad/sec
F d = 0.8 in, rms
E
5 " TTT T A
o —
- 3
“" LONCITHDINAL CONTROL o :
< . w
| o
a . !
Ybo
i .
: ¢. Relative Closed Loop Remnant, $m,
£ Mcasured in a Teu Minute Tracking Fatigue
H Test (J- 0.8 in. tm3).
H
é w (redfuecd
(8] E e W
)
[
&, F
& q .
LATERAL COMTROL 4
-]
] K
B |
° !
3 1
B
[
. s
E .
IRE L
v T
3 ¥ =
LONGITUDINAL CONTROL
é
. ! o
[ Y 5
by
4 d. Ercor Spectrum, g, Measured ia a Ten
» Minute Tracking Fatigue Test (4= 0.8 in.
rms),
Figure 145 (Contrnued). s
i
3
WADC TR 56.524 186




ITHORIRIE NP AN W ANEIEEL LA TR T S |

LIAE |

o

X LT T

AR AR

Table L1, Significant Variance Inequalities for Six Pilots.

£Yp

P

CONTROIL ! _ s
FiLor MUBE w (rad/sec) w {iad/5ec .. @fad/scec) )
06 1.2 L8 24 3.0 36 06 12 1.8 24 30 3.6 0.6 L2 18 24° 30 W6
py LONGITUDINAL ... ... ... . . 152 132 152 122 ... S, .
LATERAL .c..oconeee e . b2 1»2 1» ... 2] . 1L .
p.g LONGITUDINAL .. .. .. e B2 L DL - e e
““ LATERAL wecvcsverees 12 251 21 1 152 12 1 ... ST L
p.3 LONGITUDINAL .. .. 27 oo . 122 21 251 .
LATERAL .._......... 1>2 - e e
p.4 LONGITUDINAL ... U, 1 . e 152
" LATERAL v 25 152 152 21 21
p.5 LONGITUDINAL we ... — 152 152 s 21 21 . 221 251
7 LATERAL ceoonnnna 2 1.7 122 . 122 1 B L1 22
p.g VONGITUDINAL ... .. ... 1>2 - 1>2
" LATERAL weveveennes e 201 el 201 L. L 261 251
Table i2. Significant Variance Incqualities for Pilor Averages,
w {(rad/Zuec
COMPUTED CONTROL L w (i /“)m_ o
VARIARLE Mane 1.2 1.8 2.4 3.0 3.6
| LONGITUDINAL....  coicivieer veeneenanns 1>2,1>4 1>2,1>4 1>4,1>2 .. ... .
A
g LATERAL .......... £>1,4>2  4>1, 42 1>2 1>2 1>2 451
LONGITUDINAL.... . .......... 1>4,1>2 1>2>4 1>2>4 1>4,2>4 154, 2>4
/
e LATERAL coooooieee eeieene o aeeeennene 152,4>2 12,124 . .. 154, 254
o LONGITUDINAL ...  ..cooveenene 2 O U
' LATERAL coveees oo, §ui, 220 A1, 251 451,251 231,254 4>1, 231

{e) The fraction of p table entries for which 1>2 is 0.041 and for 2>1 this fraction is 0.26. As before
0.05 would be expested by chance for each fraction.

Thus the d-.ection of trends ic what we would have expected from ow rather vague hypothesis.

In Tahle iZ we present significant variance inequalities, at the 0.05 level as before, for vver-all aver-
ages for pilots. In avcraping over pilots we can include @, = 4 runs, so that inequalities related to vx, = 4 can be

presented in Table 12. From Table 12 we note that the trends of Table 11 are maintained by the inclusion of
W= 4o Seven of the variance inequalities shown are in a diffcrent discciion from what our hypothesis on the of-
fects of a1, on variability would predict, but five of these inequalities would be expected on the basis of chance

L1 B
alone.

%o caiwake the following cunciusions on the variability exhibited by human operators in compensatory

tracking tasks with dynamics:
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¥ {a) Time effects, be they over long or short intervals, are of relatively little importance.
(b} Theze are strong individual differences in the variance inequalities for different forcing function
s bandwidths,
{e) The variability of the describing function, Y;, appears to be daversely proportional to “task demands™.
: = {d) The variability of the linear correlation, p, appsats to be directly proportional to “'task demands”, "™~
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Section VHI )
NONLINEAR MODELS OF HUMAN OPERATORS IN COMPENSATORY TASKS

A, INTRODUCTION

From the preceeding sections the bases of a fairly reasonable linear theory of theé human operator can
be hypothesized from the limited data of various restricted experiments, As pointed out in Sections V d@id VI, <he
aperator in simple continucus control tasks with visua! inpute, and metion or force outputs, will nce like a scrvo
clement having an input-output relationship of the form

Cljw) == Y(jw; ) E(w) + N{jw) (viin

where No(jw) is a small remnani which does got include any time-varying or other “linear’® phenomena. An altemate
representation can be used where the remnant, now denoted N.(jw), is considered to contain a!ll the operator power
which is not linearly coherent with the torcing function, i.c.,

Clje) = Y(jo) Fjo) + N{iw) (VIII-2)

Y may be considered to be a describing function of an adaptive, optimalizing servo of relatively rescricted form, The
word "‘adaptive’’ teflers to the operator’s ability to adjust the form of his describing function (within fairly well de-
fined limits und as a function of input predictability) to one required for good low frequency response and marginal
high frequency stability of the operator-controlled element system, The word “‘optimalizing’’ refers to hix ability to
adjust some of his describing function "‘constants’’, as funcrions of the forcing function and contralled element, to
values tending to optimize the system response.

The remnant term has been fairly well *'exp lained’’ in previous sections as the result of either noise
injected by the aperator ar his outnue or his nonoteady brhavic:, Thece aynlanations have largely ignored the shight
nentinearities shown ta be precent by the daea, and further, have seensacd o aandel which is correct in the statistical
scusc rather than one deliberately designed to pive a pnint-by-point mutch of uctual human and model output data, It
should also be emphasized that borh models lLiave really been derived in an attempt to match data rather than on a
zompletelyv a priori basis,

Whilc the overall lincar models are reasonably satislying and usable, particularly for stability and over-
all performance studies, an equivalent nonlineur model would be of great value for detailed system response predice
tions and for studies including the cffects of nonlinear controls, Such u model should be consistent with the lincar
models, should help explain the remnant term, and should assist in better visualization of the mechanisms invelved
in human response. Just such nonlisear studies have been carried out by Mayne and Msad and their associates at
Goendyear Aircraft wich very intetesting and instructive results.

£ busic approach in all of the Goadyear studies involved the use of analog computer elements to
simulate a pilot, actual pilots in various mockups, and an analog computer representation of the leagitudinal or ia-
teral dynamics of an airframe. Either the pilot or the '‘analog pilut'’ could be placed in control of the simulazed
airframe at the cotion of the investigator. The ‘‘analog pilot’' elements wer: varied uatil the airframe-''analog pilot”
responses to knowa complex inputs were very similar to those of the airfcame-pilot combination. In many instances
ihe analog pilot was such a good simulaticn th it control by ¢he actual and analog pilots conld be irterchanged for
fairly extended periods (30 sec or so) without the actual pilot's knowledge.

The Goodyear studics utilized this fundamenta! approach in several types of experimental setups, en-
compassing such variations as vrativnary and moving (pitching or rolling) mockups, different forcing functions, and
different artificial feel forces for the pilot. These studies shall be summarized in chronological order below.

B, GONDYEAR STATICNARY MOCKUP STUDY

In the first study, (Ref. 33) the pilot was seated in a stationary chair and operated a control stick proe
vided with a simple spring feel. An oscilloscope resembling an antificial horizon was wsed to present an error signal
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to the pilot, This error signal was formed by subtracting the pitch angle due to the pilots’ elevator deflection from a
forcing function, The forcing function, i(f), was made up of four complex waves as shown in Figure 126, '

n The autocortelution functios ceziusponding appreximately to this -
*—L s )’L forcing function is _ ) i
@ - . - o T
) & RN = e®¥cos(0.350r) = ¢%coslw,) (VIILD) :
“,I-l n rl which s equivalent tu a spectral density of

Pilw) = 4]':R(r) cos{wndr .
Figute 126. Forcing Function [a[u2 + (o + )1+ (- Ma? + (o, --.,.,.}2]] i
Used in First Goodyear Study. = 2l o o o iats (o ald] J (VIil-4) -

Very roughly this is similar to that forcing function used in the Franklin Institute studies having a . andpass of about
two rad/sec. ’

The simulated airframe portion of the controlled elemern transfer Fanction used was equivalent en that of
a very well damped aitframe pitching oscillation at a constant forward speed, with a pitch angle/elevator transter _
funcrion* of

S_
U 200.73s+D 200735+ 2'0[1.37_'_11 B VilLs)
S 7 oslo.24s?is+0) 7 5065404501 0 {0 s l" Sy S
“Tier HHas!

An additional portion of the contrelled element was a 30 inch simulated aireeé contral srick with rravel limits of
118 degrewz. Control fvel was simulated by spring loading the stick to ptoduce a spring gradient of 1.67 pounds/
degree. The dynamics of the stick system were presumably negligible reiative to those of the airframe at the low
frequencies of intesest,

The subjects for most of the tests considered here were drawn from a group of six military reservist
pilots. While all had fighter aircrafe training, the piloting experience level included little jet aircraft time and that
was confined to the T-33 trainer,

All of the subjects were aliowed to practice for a time sufficient to develop a uaiform and effective re-
sponse motion, This required just a few minutes for the pilot subjects. (Ouc non-pilot was also tested thoroughly,
1eyuiting abour 20 itours of mockup practice before achieving a icvei of proficiency comparable to that of the pilots.)-
The actual runs on individual pilots during which data werc tahen lasted for 30 minutes,

In the partions of the swudy directly applicable to the process of obtaining a pilot analog, Goodyea:
servo epgineers started by examining pilot input and ourput daia as recorded on an vacitlograph. Thisn, iuking we

account what was kuown or suspected about the physiologicai makeup of the human controller, an analog computer

circuit was constructed which could yield output results similar to those obtained with actual opetators in the same B
situation, The differences between human and analog outputs for identical forcing functions were then used as clues o
for refinemenr of the analog. The zefinement process was carried on to the point where the pilot could not detece the I
substitution, into the control loop, of the analog for himself for fairly long time periods of the order of a minute,

NI

As a result of preliminary tests with human operators, it was decided that the analog pilot should ine
clude the following characteristics:

(1) Rate Judgment — To control adequately the longitudinal morions the pilot should utilize the nitch error

and generate a lead; or altemately, should utilize signals proportional to both the pitch error and
the rate of change of pitch error. Viewed extemnally these two possibilities amount to the same

OB b

A _ 197 (0.73s+1)

¢ In another past of the referenced report a wansfer function for the aitframe of 3. -

- ] was cited. The
one given above, however, was that set up for the operater studies. ¢ * [0.24974 0.245 4 1}
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thing, Froma psycholégical siéndﬁoim. however, they are drastically different, The firsg (lead
geaciation) implies that the opcrator perceives oniy the position of the dot on'the sqope-and-gen.

erates the lend equalization in the central nervous system. The second; for whick=there is mofe
ovidence, implies the viaua! percepticn of both the dot pesition and the dot velecity, with.subsses™ —

quent summing of quantities proportional to each signal, The precise pature. of the humanls . ..ox .

mechanization of the lead function is beyond thie séope of this report, and exthe: poq-zlbuhty is

considered here to fall into the general category of *‘equalizing behavior,” ... . Lo -

(2) Reaction Time Delay — Since the forcing function is random-appearing a reaction time delay should al-
ways be present.

{3) Rate Threshold — 7t was noted that pitch rate errors gieacly in excess of the threshold of perception for
visual motion were deliberately neglected by the pilot. This can be considered to be a rhreshold
of indifference,

(4) Clamping — Once a correction was made the pilots tended to “clamp'’ to this deflection until the pitch
error approached zero,

(5) Neuromuscular Lag — This lag is cssentially an approximation to that contained in the transier function
for the dynamic portion of the response to a step input.

After approximating these quantities in the 'pilot analog'’, and suitably adjusting the parameters, it
was found that close sgreement was obtained between analog pilot response and actual pilor response, e.p., Figurr
127.

The computer schematic containing the "'pilet analog” is shown in Figure 128, It should he nated that
wome libertles flave been taken for expediency in the setup, e.g., the “"clamp’’ is replaced by a simple limiter (since
the viiatuio oanded to Cdamg s ubout the same value of stica Jeflection), and the reaction time delay 15 approxi-
mated as is the newonusculur lag. Insufficient information is given in Reference 33 tu enable computation of the
values of the nonlinearities from the computer setup, Some misprints ate present in the tefcrenced report, so the
schematic given in Figure 128 teflects a few additions and jaterpretations by the authors. ‘These are smrred on the
computer diagram shown.

The nonlinear transfer characteristic simulated can be expressed symholically (taking liberties with the

describing function concept) by

Kys
2 6;
1-0.325 ¢ 0.0022 57 U« —r [ Th[—"’l ” Li[—aL‘ I} (VII-£)
I e el

170,525 0.00225 O
REACTION PILOT RATE JUDGMENT RATE LIMITING
TIME DELAY DISPLACEMENT _ AND  |NDIFFERENCE
APPROXTMATION SIGNAL """’“O;‘j:;c""“‘ THRESHOLD

A close lincar equivaleat to this characteristic would be (with typical values obtained from analysis of

the cumputer wiring diagram)

y, o K& Uist ) (w17
; \ys+ 1)
where typically K =0.425
r= .25
Ty = .1877
=3.33
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= Dive J N, i = Forcing Function; Pitch Angle Dus to Gusts

UP -
Z\  NOTE: Plint’s Unnacessary Motion, [ —

/[

‘ 1
W ﬁzégzkj AT
| \_ 7\ [ty |

| DOWN 8¢ = ilivt’s Elwvarar Deflection U D the lorclng function. :

DOWM \ 8 - Simulator’s Elavator Datlaction

CLIMB

' AV N S AR
DIVE 12“ ¢ = Pltch Error Stimulus Displaysd T
to the Pilot on an Oscilloscops

CLiMB

R N N
N ~—

K N D

DIVE €& = Pitch Errar Signol Fed
a— to the Simulated Pilot N

[ 1 1 1 A Iy " -

13 1.0 2,0 3.0 4.0 5.0 6.0 ,
TIME (xec)

Figure 127, Record of Forcing Funcrion and Responses from Both a Pilot and the Analog Filoc of Figus 128, :
(Reference 33)
e
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Figure 128. Goodyear ''Stationary Mockup’® Study, Compurer Representation
of Ijuman Operator and Controlled Element,
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From the form of Eq. (VIII-7) it is appuwseat that a great deal of similsrity exists between fhi- linear uppmxluiitlm )
and the lineas models advanced in Scetion VI for similar tasks. This linéarized approximation in plotted, In cons
junctioa with the controlled element tranafer function, on Fig: 129, The complete open-loop Bade plot exhiibiss the-.

same low phase.margin conditions (close to zero), previously noted for some of the linearized opeutox dlu ofEllmd.
Tustin, ana!-:‘m and Russell. - -

w femd/z0e) . . .
K X 1.0 » P
= N
g s - L H ...—-1-—-———"-&.')
u 20 e S0 - "
h .-" \ .
0 ™ = 10 éb Ling tor 1,1,
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= X <
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120
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y 200735.0) \
¢ SNt 1)
. “Bezt Fir™ \\m
Operotor Transfer Fyunction: I~
v D885 o D i e X
4 0.1877141 -
V.Y (PHASE)
Lidit l J l

- 109

Figue 129, Equivalent Open Loop Bode Plot of Goodyear Computer Set-up, for the Stationary Mockup.

An interesting point ia the absence of a low frequency lag term in Eq. (VII-7). (It will be cecalled that
Tustin's data, with a similar controlled element but different forcing function bandwidth, showed a low frequency
lag term.) If gain crossover had occurred at a lower frequency (reduced open loop gain) the low Frequency lag term

wouid have been mimissubic withwui instability, aad the low froquency system sosponse would have been improved,

The 2educed loop gain would, of course, cause a deterioration of the high frequency response.

In many ways these Goodyear data are directly comparable with the Franklin elevator tests, The ef-
fective forcing function bandwidth was of the order of 2 rad/sec, and the controlled element characteristics were
similar, The operator transfer function forms are identical, and the numerical value of r is essentially the same in
both cases. The 7p values are, of cowse, differen: becausc of tho detailed controlled clement differcnces.

All of this strengthens the previously observed face that the presence of the Jow frequency lag term is
a function of controlled element and forcing function chamcteristics. It is also a fusther indication that the opera-
tar adjusts his transfer function in much the same way as a servo designer would adjust a similar fixred-form equal-
izer for a given system task.
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Auother intesesting subject.raised by the non-linear-simulator-representation of the p
insight intc the causes and form of the remnant term of the linear made. With the operatar ufialag, as-cor -
the oaly scusces of che remnan: torm conaidered are the nonlinear tiansfer charac:@fistic . Bath nonst Wior
and pilat injected noise have been-eliminated: from the outset: “Bewanse of the relatively low (.57 lfEaT eotrela- -
ticns obsained by Frunklin on a similar task {elevazar with 2 wad/sec forsing Fuiciién), one would be inclined to
think that an important discrepancy in results was ptesent, The inclination is strengthened when it is realized hat
the nonlinzarities of the Goodyear analog could hardly account fur 30% or mate of the output power. While it is dif-"
ficule co resolve this problem because of the limited amount of data presented by Goodyear in their first study (Fig.
127 contains the only traces in Ref. 33), it should be noted that

(1) The analog of Reference 33 requited a considerable number of changes in
later work to match trained jet pilots.

(2) The tiwe imervals during. which a particular analog configuration matched
the actual operator’s sutput were probably faitly shost, ¢.g., only G seconds of
data are shown in Fig. 127,

Since the mere extensive modified anulog data presented later compares more favorably with the data from linearized
measurements, it is probably not reasonable to say that the data {rom this first Goodyear study and the Franklin
data are inconsistent on this point. Goodyear's ability to achieve a faitly reasonable and adequate pilot simulation
for short time intervals using only transfer elements and a mild noulineasity is, however, a point in support of the
nonsteady behavior model over that of noise injection. Indeed, probably the hest way to check experimentally the
nonsteady versus noisc injection hypothesis is a real-time simulation of this soct. If a guud point by poini data
match was obtained for short periods of time, using only transfer elements, then the nonsteady explanation would be
preferred, since the injrered noise versivn would not allow such a match and would be relatively independent of the
run lengths,

Probably the most important facet of the first Goodyear study in the light of the other data cited in this
report, is the insight given regarding the nonlinear behavior of the operator. It will be recalled that Elkind's Ex-
perinicit I (Etfect of Amplitude) data indicated thar the open-loup operator gain was a slightly increasing function
of ms foicing amplitude. This effect is consistent with Goodyear's use of a threshold transfer characteristic. The
limiting, or clamp, cffect is also apparent on many tracking responses other than those obrained by Goodyear.
Therefore, both the '‘indifference threshold'* and “clamp’’ concepts are important additions to our knowlcdge of
opciator dynamics,

€. THE SECOMD COODYEAR STUDY — MOVING SIMULATOR wWiTH

PISTON ENGINE FIGHTER PILOT SUBJECTS

The second Goadyear study [34] was concerned lasgely with the construction and use of a movable
mockup capable of providing realistic simulation of uircraft movements in addition to the usual visual display. The
study was telatively shore, and, in essence, constitutes only a necessary connecting link between the first and
third Goodyear cfforts summarized herein.

The basic equipment used for the experimental work wes similar to that of the first study, with the ad-
dicion of a single depree of freedom dynamic cockpit mockup capable of simulating aircraft angnlar motions (see
Figures 130 and 1315 The pilot’s visual input consisted of either sinusaids or filtered tandom noise added ta the
pitch (or roll) angles generarcd by the aerodynamic simulation. The mockup rcom could be datkened to eliminate
spatial cues. The "‘cockpit’’ motion was set up to be equivalent to the airframe pitch (or roii) angie. Subjects were
again pilots having largely piston engine fighter experience.
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Figure 130. Dyasinic Cackpit Mockup Showing Pilot in Position for Roll Studies.
(Ref. 34, Fig. 4)

The actual work of this study was largcly cxploratory, so the repotts issued did not include detailed
documentation of the specific computer setups and consrolled element charactetistics used. In the pitch case they
were nresumably similar to those previously described in the first study, with the addition of the cockpit motion to
simulate pitch angle. One set of aileron test results were presented as an example and are repeated here as
Fig. 132. Iu this particalar run the pilot was conisviag the laicrai axis of a simulated T-33 airctaft. Au silerva-
rudder censsfeed cirenit of 8./8. - 0.8/(s 1 4) was inserted vo assist turn coordinativn sirce the operator had no
wdder pedals. For the instance shown, the pilot kept flying for over a minute after control had been transferred to
the analog, unaware of the transfer. Other pilots, who moved more cautiously, had motions which did not resemble
that of the analog as well. Thesez subjects took only a few seconds to recognize the transfer.

In addition to these data, Reference 34 makes some general observations which are quoted helow:
, B

() *“'Wiih the given random-motion input, there is wo distinct ditference berween cirois with visuai
input, motion input, or both. Reaction time and motion chatacteristics found previously still hold ;
urder the conditions of this study, No information was found to prove that vestibular-mation stimuli
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do nuc lead co drift and give faster transient response, However, it was found that the difference ia
resules for a pilot with his eyes open and shin was much less than the varintion between difteieat
los."

Xy LS S L WCCTCaNS g ot e gine effectiveness at freguencies above the nuarif ire-
auency of the pilut-asrcraft Lystem. This was evident in both sinusoidal and random tiacking.’"

(3) “Pilats show a tendency to phase in with frequencies below 0.5 cps and to drop out of phuse fot
higher frequencics when they are tracking sinusoidal inputs. At of near 0.5 eps a pilot tends to phase
in for periods as long as 30 seconds, but ultimately he executes a control reversal requiring several
seconds to lock in again.''

{4} “‘The results indicatr that a peneral-purnose simulator represersing the human pilot in closed-Inop
studies should have a linear transfer function as folluws:

2:2_Gis + 12}’ 1 ...
Kkl- s taa
lr‘az 16rs5+12){0.125 - l]‘()"b Al

where ¢ .25 second for the simple tenction-time delay and K is adjusted to represent a given pilat.
The first bracketed factor is the approximution for pure delay of forn 7% The second factor is a filter
tor smoothing the response of the first and also upproximates the acuromuscy
tor accounts for the pilot’s use of the first derivative of input. A dend-zane tvpe of noulincarity should
follow the above linear operation.’” {This entire statement only applies, of coutse, ro the particular

conrrolled element and forcing function conditions used in the Goedyear tcsts,!)

]\H‘ and the thisd fac-

‘The work of the secund study appears to ndd some penerality to the results of the first (as well as to the

v ttoulio of Soction VI which corelaer with the firet arady). This generalization is specifically along the lines
f forcing funcrion type. and is given in comment (1) above. Here it is pointed out that, for the subjects of this
udy at Jeast, the sume vansfer characteristic appears vo be suitable for mcticn inpors wlone, for visual inputs

:i'u"', wnd for a Combinaiion of Sath,

THE THIRD GOCDYEAR STUDY -—— MOVING SIMULATOR WiTH
JET FIGHTER PILOT SUBJECTS

The third Goodyear study (Ref. 35) utilized four Navy jet interceptor pilots as subjects in the moving

wckup parttially described previously. Part of this study was devoted v an evaluation of changes in nns error 25

. \ '
Lo other part tion of a nilar analog. Omiy

r

his latter work will be ceviewed hete.

The controlied clement dynnmics weee those of the choreperiod pitching motion of an nircraft in con-
unction with a vasiable arntificial feel system consisting of a simulated aircraft control stick louded with adjustable
ncrtial, spring and viscous damping forces. For most of the analog runs the parameters of the controlled elements
vere set to “'standard’’ values. For these cases the airframc dynamics set into the camputer were tepresentad by
he ttansler function,

L 8 ( TX \ N 19700.73s+1) - (VilL-8)
5 SN0.245)°+ G.25is+1 ]} .S 1 £tG.gZirs u
“4 17} 17 ! l

shere G, is the simulated eitframe pitch angle due to the elevator deflection &. The "‘standard’’ feel system dy-
Wmics were

Ky Ky

. S v
0015574046541~ o (s ) [
2.1 °J1 2.4 s

&
5
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Figure 133. Guodyear Moving Mockup Controlied Elcment.
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The mockup dynsmics also enter the controlled eleme it picime v the extent that pitching motion also
ceied e inpwr oo the pilet, e platform argle, u, was related to the simulated total pivch angle, 0,,, by the ap-
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The foicing function signal took the form of & pitch angle due to a simulared gust, 0,. 0, wan summed
directly with the pilot-generated pitch angle 6, to form the totai simulared aitframe pitch angle, 8,,. This was pre-
sented ditectly to the pilot’s visual display (n simulated artiticial horizon), and also provided the input signa!l to
the moving mockup. The forcing function, ¢,, was generated from a conventional Poisson distribution noise sousce,
filtered, ctc., to give the approximate specteal density shown in Fig. 134, The resulting amplitude distribution was
faitly close to Gaunsinn and the rms value was equivalent to about 4.3 degrees of pitch angle. It will be noted from
Fig. 134 that the foccing funcrion spectral shape is similar to Flkind's 'l spectrum, but that the coraer frequency
is considerably lower, i,e,, 0.33 md/xec,
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Figure 134, Goodyear Experimental Studies, Power Spectral Density.

The analog studies were based upon four Navy jet interceptor pilots and several other subjects with
experience ranging from piston engine fighters to light planes. One subject had no piloting =xperience at all. The
analog was constructed in the same general fashion as discussed previously, and tested by both visual comparison
of pilot and analog outpur records and the process of cliangeover from actual pilot to analog contral of the mockup,
When an analog setup had been reached which showed good visual comparison and was capable of avoiding detection
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Figure 135. Block Diagram of Goodyear lypothetical Jet Pilot Analog System with Moving Simulator.
(Ref. 35, Fig. 9)

(1) ‘Lhec addition of a higher derivative in the equaiization term, i.z., a higher order lead. The total
equalization may then take the form of cither a quadratic or of two first order tetms, The additional
lew.d was based upon the observation that the moving mockup allowed distinctly higher derivative sen-
sitivicy of the pilot than that of the staticnary mockup.

(2) The addition of a relay-type characteristic operating directly off the presented error. This tvpe of
action wax bused upon the vbservation that che pilot initiates a portion of his motion whenever the sign
of the error changes instead of ’fter one reaction time intervai. This part of the totai motion is essen-
tially a square wave with axis crossings corresponding to the zero values of the error signal. The
phenomenon has been variously called “*Alertaess’, “*Zezo Anticipation”, and *'Anticipation”.

(3) The superposition of a steady, esscntially sinusoidal, hand oscillation upon the output. This
“"diches’" phenomenon was observed only in the four Navy pilots und showed steady day-te-day varia-
rions which suggested that it was a learned technique. To a first approximation the dither signal canbe
simulated by a fixed amplitude oscillator generating a 1.4 cps sine wave.

In addition to these major modifications, the teaction time delay value was changed from 0.25 to 0.2 secuuds.

The detailed computer circuit diagram is oresented as Fig. 136. It will be noted that the mechanization

for comparahle functions is changed coasiderably from thut of Fig. 128, but thesc changes zre indicative of taste
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Figure 137, Phaxe Shift and Attenuaiion Char-
acteristics for Pilot Analog Ciccuit.
(Ref. 35, Fig, 19)

and method rather than fundamental, Oaly the additions
summarized above are major modifications. The values
for the nonlinearity magaitudes are not decivahle from

ihe computer setup because the per unil scale faciois
were not given in Ref. 35, but the transfer functions
mechanized were compured and are shown on the schemas
tic. A sinusoidal describing function for the settings of
pilor V.0, is aleo shown as Fig. 137, This sirusoidal
describing function iudicate s that che predominant viar-
acteristics of V,0."s analog circuit are a fiest order lead
(rate scnsitivity), threshold effect, and reaction ime de-
lay. We must note at this poiat, however, that V.0,’s
analog is net typical of those of the four Navy jet pilats.
In general, these jet pilors generated a substantial amount
of second order lead (acceleration sensitivity) and had lese
first order lead (rate sensitivity) than the non-jet pilots.

Refurence 35 laciuded five recordings of
various actual pilot-pilot analog mns as examples of
some eighty hours of similar recordings, Figures 138
through 140 illustrace the correspondence between these
piluts and their analogs for the previously defined ''stand-
ard’’ conditions. Pilee V.0, Fig. 138, is cited as a typi-
cal example of a light pdane pilet with no esperience in
jet aircraft, The “‘dither’” chatucteristic is nil, and the
maximum pitch angles recorded are generally higher than
those for the subjects with jet aircraft experience, Pilot
G. C., Fig. 139 exhibited the most dither of the four Navy
pilots, though the dither is scarcely discernable in the
mockup motion record.

Pilot J. B., Fig. 140, is net2d in Ref. 35 as
“the leas ¢t consistent of the four Navy pilots’’, His dither
level in rig. 140 is not niearly as high as that of G.C,

Additional data is given in Ref. 35 on the cf-
fects of controlled element changes, using J.B. as an
example. Figure 140 is, of course, set up for the "stand-
ard”’ conirolled element, For the data of Fig. 141, the
damping ratio of the airframe short peried motion was se-
duced to 0.2, Hecre the airftame-pilot system is tending
toward instability, For the case with a fifty percent re-

ducrion in airceafe sensitivity, Fig, 142, the pilet’s pain increased about a factor of two to compensate for the reduc-
tion, but otherwise the resulis were similar to those wich ''standard’® serings (Fig. 140).
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Figure 140, Goodyear Experimental Characteristics,
Less Proficient Jet Pilot Including Mockup Pitch,
(Ref. 35, Fig. 16)
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Figure 142. Goedyear Expecimentai Chazacienstics, ivas Pro-

ficicat Jet Pilot with Reduced Aircrafe Seasitivity.
{Refs 35, Fig. 18}
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€., COMPARISON OF NONLINEAR AND QUASILINEAR MODELS OF
HUMAN OPERATORS IN COMPENSATORY TASKS

In Past B of this section we ha ve alieady compared the results of the first Goodyear analog (for the =
stationary mockup) with those of Sections V and VI, It will be recalled that the two types of results were generally
consisient as far as transfer function forms were concetned. The Goodyear model’s indifference thireshold «ifect,
teaction time delay values, and equalization parameters all appear to he compatible with the more exrencive data
from the quasi-lincar models, A source of possible conflict was present in the remnant data, but these was insuf-
ficienr analog data aveailable to derive any definitive conclusions sa the subject was defsrred untiy dids puine,

Now that the Goodyear moving simulator program has been summarized, we are in a pouition ro compare
these results with those previously presented for the quasi-linear case, In this subsection, therefore, we shall
attempt to compate the consequences of the two quite different experimental approaches by 1econciling the Good-
year analog results with the quasi-linear data,

Perhaps the best way to approach this problem is to compute the approximate describing function and
remnant of the Goodyear moving cimulator analog. As the first step in thic prucess we requite e statistival input
deseribing functions of the threshold and anticipaticn circuits, These will be derived below and then combined
with the linear portion of the analog to find the tot.l describing function. An approximation to the remnant will be
derived, giving us a total approximaticn to the quasi-linearization of the Goodyear analoe. This result can then be
compared with the other iinearized data und conciusions made,

1. Describing Function of Goodyear Anclog Pilot for Moving Simulator Case

The development of a describing function for the analog computer circuitry is straightforward if the
quantities throughout the overall loop have amplitude distributions which are approximately Gaussian. Assuming
thad tirks is the case, the describing funclions, when an amplitude dependent pure guin can serve 1o approximate
the non-linearity, can be vitained ditecely from Eq. (111-42), which is repeated below as Eq. (VIIT-11).

f::z/(x)p(a)dz [:x flx} ¢ 10%x
K\N\Iivulent - Lo:~2 P(x) dx - v,j—'; o (Vll-ll)

For the aniio.pation, or sgn function, shown in Fig, 143, the switching level is set at a value a4. Then,

— g (<0 (VI-12)

Denoting the rms value of the error signal, r, as v,, tie Gaussian input describing tunction is

—L:,qxp(x)dx+f:’n‘xp(x)dx Za‘)o.xp(r)dx

4 o} = of
” l‘ »
Ia‘J = 2o 258
o Var o 2% e, 24 :
= o =Vr3 [;"e du =\~ o (V1i-13)

WADC TR 56-524 206

b ARt et b A A 2 o] BB §




THRESHOLD
CIRCUIT
ourpPuUT 1
L
pem——— dT L—-
£
THRESHOLD
——cea— CIRCUIT
1P Uy

Figure 143. Anticipation or Sgn Figute 344, Threshold Transfer Characteristic,

Function Transfer Characteristic.

We shall approximate the actual threshold characteristic used by that shown in Fig. 144, Here the
threshold is ap and the rms value of the signal presented to the threshald characteristic is o, Then

) = x; x>ap o x<-ar
~ 0, -ur-xcap (Vi1 149)

The intepral involving x f(x) p(x} will become

o0 i \ . v . 2ﬂ‘r ‘75:]
o ¥ f(x)plx)dx = f.eolT"‘P(""d""*J’.arx‘{l(’t)dx = u.rll m{?ﬁ;] V73 T (VII-13)

where ®lay Av/Z o)) is the esror function. The threshold describing function will then be given by

2

T
2ar lflo]
Kp —= _ar_ - »
1=l ¢[\/ 01}+Vﬂ o€ (VII-16)

The overall Gaussian inpuc describing function of the Goodyear pilot anulog in the frequency region of
interest will then be aporoximately

% en "TIHT]”I—] + “":' ! 1]7'\ + Ky

Ll 2) (VIE-17)

e ]

Having Eq. (VIIl-17) we can compare directly the Goodyear and other describing function results. The
gain, K,, reaction time delay, r (raken by Goodyear as 0.2 sec), and neuromuscular transfer function, Yy , ate com-
pletely consistent with the quasi-linear data in form. The equalization characteristic is quadraric- zather than the
first order lead obtained in the quasi-lincar measurements caken in situations with comparable controlled element
gterivtizn, Thic, homaver ic cited hy Gandvsar ac a cigniticant difference between their moving and non-
moving mockup experiments as well as being most dominant in their highly trained subjects. The second order
lead, therefore, docs not enter into our comparison per se, but racher is evidence of a skilled pilot’s ability to
generate higher order leads due to the additional motion input information. On this basis, all of the linea: terms
can be said to compare favorably with those from other data,

o
Tonl

This leaves us with che linearized portions of the nonlinear threshold and anticipation terms. While we
have no cxce data on the a4 /0 ratio which defines the anticipation term, the output data plots presented by Geod-
yeat und the assumption of a reasonable computer scaling make it evident that the ratio is fairly small, relative io
the other terms in Y, for this forcing function-contrclied element situation. Since the effect of the anticipation terms
in the linearized open loop describing function is n.gligible, one can reasonably expect that the major change in
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Y, will be due to the addition of » linearized descriptien of the non-linear *‘inditference threshold’’ represcnted by
Kylaz fap), Since the existence of such a threshold is compatible with Elkind s data on the effects of forcing function
amplitude variazion, and is consistent with the F-80A data, we can conclude that the Goodyear analeg is consistent
with othermeasurewents ot quasi-linear describing fuactions,

2, Remnant for Goodyear Analog Pilot for Moving Simulaic: Case

The problem now at hand is tw find the upproximate power spectrum of the Goodyear analog remnant.
The remnant in this model must come from the rhreshold, anticipation and dither effects. Since the linearized por-
tion of the “indifferenc threshold® Kplar, vy} accounts for its effects fairly completely, the contriburion of the
threshold to the non-coherent output power can be neglected. This leaves us with the anricipation circuit and
dither as prime remnant sources.

The dither characteristic was approximated in the Goodyear study by a sine wava of amplitude Ay and
frequency w,y. The power spectra of a sinusoid is a delta function, so the output power spectra due to the dither
will be
nAl 8wy + o) 1 Blwy - o) (VI11-18)

" dither

it was stated “ove that the lincarized effect of the anticipation circuit an the describing function was
probably small compaied to thut of the ucher describing function temms, Censequently its effects will be found in
the rewmnant. In faci, we shall assume in the following that all of the power from the anticipation circuit will be in
the remnant.

The action of the anticipation circuit 15
essentially that of a perfect ¢-lay with no thresh-
old, The circuit surput wiii be a square wave
symmeteical in amplitude about zero and having
axis crossings coincident with those of the error
signal, Its gencral form will be as shown in
Fig. 145. Our current problem is to compute an
approximate spectral density or autocerrelation
of r,(1}). These, untortunately, will depend upon
the probability distribution of the axis crossings
of ri{t) or the equivalent quantity for the crossings
of the error. Finding the axis crossings can be
. . T very Jdifficult. However, even though the cxact

Aicerihnrinn nf the zerns is difficult to obtain,
we can make an estimate of the average number
of axis crossings of the error, (¢}, if its ampli-
tude distribution is assumed to be Gaussian.
Figure 145. General Form of Anticipation Then, if we assume further that the disteibution
Circuit Ourpur. of the axis crossings is known, having this av-
erage rate, we can estimate the autocoscelation
ot (¢}, Lhis wili be our procedure in the foi-
lowing.

OUTPUT OF
ANTICIPATICN
CIRCUIT
r (e}

1

time

Fitst, the average number of axis crossings per second of a randows function with a Gaussian distribution

- y D
B, - l[_fﬁ!@] (VIIL19)

]
n 0“

PRI PN

® Sce Reference 68, ’ -

- N . s
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where [R{(N]/08 is the second derivative of the normalized autocorre!:tion of the function, and R(Q) is zero. To
abtain an estimate of the normalized error autocotrelation near zcto values of r, one can recognize that only the
higher frequency components of the error spectrum, e, need be involved. At high fiequencics, the crror spretrum
will annroach :

"hft = d)u = ‘YIP‘hnoisc AOursc (VII1-20)

where Y is the transfer functioy «f the filter used to obtain the forcing function spectrum from the noise generator.
While Eq. (VIII-20) is only a high frequency approximatisi to the errar spectium it is ull we require for an estimate
of p(?) as r approaches zero, )

The form of &,, was given previously in Fig, 134. The normalized nutocortelation can be obtaiued by
transformng the equation shown there, and is

Ree() wic-ﬁ‘lzl [l, e-("fl'l

i o e— Vii-2'Y
Z Ry Ny} e
The second derivative of Ky, (VIIE21), evaluated ac £ 0, is :
Rz (0) |
S (vi-22)

Since wy - Y tad/sec and (1, is somewhat wreater than § rad/sec, the average number of crror signal axis crossings
rer second will be of the order of 0,37, The average time, T, between crossings will then be approvimuarely 2,0
sCCuinds,

tf we now wsswme rhae e probability, QU that ¢ aad 117 lie in the samc intcrval is known, then the
autocorrelation of the sgn function output is:

. F ?
Re(n) = [7‘] ol (V11-23)

If H(A) is the probability that an axis crossing occurs hetween time A and time A + dA, then the average time between
axis crossings is

T = j;’“Mi(A) dA (VHI-24)
aad 200 is given by i
QN = o [ A= 1rD HOD A (VIL1-25) |

so that O(r}, and hence the autocortelution of the sgn funcrion ontput R,(#, is known if we know H{N),

Tluwbaoorimansnl es  ol.
waliGasMRL LYy vt

some examples which give insight into the problem. For example, if the axis crossings obey a Poisson distribution,
then

Lo dineciburion of avie croceings ic not baawn It ic inctructive hnwaver rn concider
fiddt INIC CIOCEINGE 1 ot known, It Ie ety . .

N of

HA) = T, (VI11-26)

L s .
soQUri=¢ " ‘l and the autocorrelation is

2
R(DN = [%] &M (VII27)
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Az a secord example, consider that the uxis crossings are purely random in a given intesval 2T,; i.e., A can have
Bl VRIS WL e wits o g T oaual likelihood although the average time between axis crossings is . Then
(0 = 102632421 - 14)2; 11l & 2T}, and zero clsewhere. The autocorrelation, R (1), is, for this case,

R{AD - [E‘] [ I (2.:)4] (VIti- 28)

It will be noted that the tirst approximation to the autocorrelation Ry(r) based upon i:cth these widely different axis
crossing distributions will be

1
R = l ] [l - lL‘ 'rrd « 1 (VI11-29)
J!
By this time, the diligent raeder «i!! {ook upon this autocorcelation as an old and valued friend, for it has appeared

in all of the attempted remnant ‘‘explanations’’ (i.e., Weber law type output noise, nunsteady opcrator hehavior,
etc.). The power specral densivy is. as bofors,

m‘[; ?
E‘ 2| sin—5"~ 2
™ anticipation eireuit (@) = 21‘[2 w'ﬁ (VII1-30)

2

‘The rotal open loop remnant, referred to the operator’s output, of the Goodyear analog is then, approxi-
mately,

E p11H R
@,.,.‘(63) = 2T, (*2“] "“;ﬁ" + rrA} [Blwy + w) + ug - o)) (VII1-31)

Both of these tetms have distince parallels in the quasi-linear data. The [(sinx)/x)? form is a goui approximation
to Elkind's remnant and is not inconsistent with che Franklin data. It even has values of Ty which are compezahle
to those obtained from FElkind's dara. The dither, giving a delta function peak ar about 1.4 eps, is consistent with
a similar measuwrement made by Russeil. We can therefore say that there are no striking inconsistencies between
the analog and quasi-linear data.

The apparent corrclation between the iemaant due to the anticipation cireuit and that found from
Elkind's measurements leads to the conjecture that the principe! remnant cause 1s the “pertect relay * action wi
anticipation in parallel with an almost linear transfer function. If this sction is indeed the primary remnant cause,
it would Lave to increase in importance relative to the linear transfer function term as the task became more diffi-
cult, This would imply that the human has three different behaviotial medes whan teacking tandom appearing fore-
ing functions, i.e.,
a. For tasks presenting slighs demands, c.g., simpie conireiied elemeui dy-

namics and low bandwideh forcing functions, the linear correlation will ap-
proach unity snd the operator will generate a linear transfer function.

b. For wery d:manding tasks the linear correlation will be very small, the
open loop operator describing function will approach Ky(a,/A), and the human
wansfer characseriviic will bo thas of a perfect reley (or sgn function),

¢. For tasks where the demands are between these two extremes the operator
will operate both modes in parallel,
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The above temnant ‘‘explanation’’ is probab!y the mnse physically suitable of any developed in the
sepott, Its consequences match most of the quasi-linear data in a qualitative way, and is further corroborated by
observation of the operator and tracking records.

The dither phenomencn observed in the Goodyear tests must also be considered to be a poasible human
output under certain conditions. It does, however, appenr 1o be an individual tactic which is consciocusiy used de-
pending upon the operator temperament and task., The dither action is analogous to that used in servo systems as
a general linearizing technique, e.g., to reduce the effects of coulomb friction. Besides the Goodyear tests it has
also been observed in human dynamics experinicuts where such a techrique appeared to the operator to be an appli-
cuble tactic, In this regard,

a. No dither was present in Elkind’s tasks, probably because there were no
restraints whatsoever upon the control. Possibly its general desirability
had buan esjected by the subiects durine theiv training period as a technique
which wasn't particularly helpful in that task.

b, Dithar was probably present in some of Russell’s ruis since u shurp peak
at 1,23 cps was found on the only remnant spectrum meuswed, Russell's con-
trol bar was attached dirsctly te a Variac type instrument, which has a fairly
high coulomb friction level, Dither would therefote be generully desirable.

¢. In the Franklin Institute test scries several of the subjects tried out the
use of a dither signal during their training periods but abandoned it before
their record nine were taken. This was done not because dither introduction
was an unsuitable technique for operating the simulator, but because these
pilots did not consider it tn be pare of their normal piloting style. A typical
comment was, ''I think that I can control the simufaior best by using ihe
frantic mode, (which inclvded dither), but I would not use it in an airplane.’”
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Section IX
HYPOTHETICAL MODEL OF THE HUMAN OPERATOR IN COMPENSATORY TASKS -

A. SUMMARY OF MODELS

In the previous scctions, past experimental data have been reviewed in detail and grouped into various
classes depending on forcing function type and controlled-element characteristics., Simple analytical describing
function forms and approximate linear corselations were determined for those instances where they were available,
redetermined in seme cases and accepted outright from the original sources in others. The net result of this effart
is summarized in Tables 13 and 14, o

While the controlled element transfer functions shown are correct over a wide frequency band, the human
operator describing functions are not, since either particular frequencies or » narrow band of frequencies were used
in theif determination, To present the measurements in n mote precise context, Tables 14 and 14 also show the con-
trolled clement approximate characteristics in the frequency region covered by the human rexponse data.

The ivmiam daia arc not neatly as extensive as the describing function characteristics, though they are
still extremely important to the description of an analytical oeperator model, Such data as are available on remnant
models are summarized in Table 15. It will be recalled that, while there was a forcing function amplitude effect on
the Flkind and Franklin describing function darn, the overall dependence upon forcing function was relatively small
over a wide range of forcing function rms amplitudes. One can conclude from this that the remnant power due to op-
ettor nonlinear transfer characteristics in series with the describing function was relatively small for the conditions
tested, This implies that a large portion of the remnant must be due to other phenomena. In the previous discussions
of the quasi tincar dara the major passikilitie s for the particular data were parrowed down to nonsteady operatar be-
havior aud operator injecied noise, These (wo sources were nos sepatubie from die dat uvailable, so models were
derived assuming each phenomena was to account for the entire picture. In the discussion of nonlincar madels it was
pointed out that a third remnant source was also a possibility, This was the action of a nonlinear transfer charac-
teristic essentially in parallel with a describing tunciion, When the linearized portion of the paralle! nonlinear
transter characte ristic is small relative to the describing function amplitude, the parallel nonlinear cnaonel walt
have relatively lictle effect on che overall open laop describing function. The action of the parallel nonlinear ele-
ment will, however, have a substantial effect upon the remnant. The summary in Table 15 reflects the consequences
of these varivus possible models,

From the data presenicd in Tubles 13 through 15 we shall endeavor in this section to hypothesize a rea-
sonable model of the operator for the case of random appearing visual inputs and motion outputs. la constructing the

hypathetical mode!, the transfer characteristics will be considered first, oa a terii by teaw basis,

B. HYPOTHETICAL TRANMIICZR CR DUSCRIBING FUNCTION MODEL

1. Reaction Time Delay

The teaction time delay, represented by the o7 term, appears in all transfer functions for forcing func-
tions having a degrec of unpredictability. Also, while it has not been thoroughly investigated ro date, ir is probable
that an ¢ " term is presont in all tracking tasks in which the operator’s input is random appearing. The line of de-
marcatirn. hawever, hetween tandam annearing and predictable intnte ic nor well defined at nracanr, For inerance

the use of a pcrfectly predictable sine wave forcing function on a system with an operaior plus complex controiled
tiement dynamics, resulting in a complex, nonsinusoidal error signal (operator input), probably falls into the random
appearing inout class. In the same ¢ase. reduction of the conrralled element dynamics to some simpler (but present-
ty unknows) form weuld tend vo presetve the predictable sinusoidal wave formn, and the operator input would then fall
into the predicrable clasa,

Whena thie simpiesi of the fitted transfet function forms 15 used to derive a value for 7, a considerable
variation in this initially derermined pure time delay is apparent. Then, when a stability requirement is asserted,
and stability of t} e fitted form is obtained by the introduction of a high frequency lag beyond the bandwidth of mea-
surement, the resultant 7 values appear to lie within a relatively small grouping, with a central value of abour 0.15
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of Operator Remnant Characteristics in Compensatory Tasks.
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seconds for random appearing visual inputs. There also appears to be a faicly steady progression of deereasing r
values from abou: 0.30 to 0 25 secondi for wxdely sepnme& step mputs. to ahom 0 20 se 'um'ls fm-  mar ;closely

charactensucs. Whatever variability does exist in vaiues of rappears to be on an mtruaub;cct basis. It is. pmbnble B

that these variations are similar.in hoth scope and form to those found in applicable reaction time experiments to
discrete stimuli, sivce r is cerainly a closely related quantity to certain classical reaction times,

The hypothetical linear madel far continnans contrnl visual, ramnenearary taclke chould then alwave
include an &7 term in the describing function to account for the reaction time delay, with r given approximately as

= 0,15 £0.03 seconds (IX-1)

2, Newomusculor Lags

The dynamic portion of the data from step forcing functions for Y, - 1 and that obtained for the non-syn-
chironous phases of sine wave forcing functions for ¥, - 1 have a fair degree of similarity, and are presumably indi-
cative of the actuator (neuromusinlar) portion of the human response. The neuromuscular system involved in the
particular measurements was thac of the anm in following, and the describing numbers would be somewhat different
for other neuromuscular systems, This actuator portion of the human responses is not directly apparent in the other
describing function data since the effect would be minor as the frequencics used for determining them. It will be re-
called, however, that much of the data required, as a minimum, the addition of a high frequency lag (heyand the mea-
surement bandwidth), to stabilize che system,

Te shoukd also note that Elkind’s higher forcing funciion bandwidths will scarcely admit of very large
values for neuromuscular lags (because they would have to be suhtracted from the already small values of 1), unless
they are associuted with the very low frequency lag break point probahly present; or unless both a lead and iag exist
beyond the measurement bandwidth, The evidence fot the second possibilivy is mixed (Section V-C), and the possi-
bility of the low frcquency lag being truly due to the neuromuscular system is extremely ualikely.

Since much of the cvidence available at the higher frequencies (particulasly those from step function
inputs), indicates the existence of ncuromuscular lags, and most of the other data implies their probable presence,
a hypothetical model of the operator should include the effect. If really due to the neuromuscular system, these lag
terms should be at least of the sccond order varicty, About the only numerical value that one can derive from the
data, however, is a first approximation corsisting of a first order lag, Such a single lag will be used in the hypo-
thetical mode!, but onc should net attach too much physical sigaificance to cither the numerical values or, for that
matter, the name,

3. lndifference Threshold

In the Goodyear studies the concept of an "indifference threshold’’ of response was derived as a serial
member of the operator's transfer characteristic, Elkind’s variable amplitude experiment data are also compatible
with this result, so it dot:s appear that the effect exists and should be taken into account, at least in principle.
This can be done by using a threshold describing function, Ky(ar/or), in series with the other elements of the trans-
far function, This is siven approximately by,

. ar
&[5 -

Equation (IX-2) has only a slight change from unity for the relatively small values of ar/or observed. It can there-
fore be considered as a second order effece within the realm covered by present data.

{ A ]z —_
zIT Vi o {- ar dr . .
\ ror Vn m ' op « 1 Ux-2
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4, Equalization

A rmost important thing to be noted zegarding the transfer function form is thc equalizing abxhty of the

" operator, This is shown by the occasional presences of a first order lead, a lew frequency fitst azder lag, amd the

probable existence of a variable high frequency Jag (which may be part of the neuromuscular system) : ermss

Considering only non-moving mockups with pure visual inputs, a sm_gle low frequency lag twnn aIwuys )
appeats to be present when all of the following conditions apply:

a. When the introduciion of u low frequency first order lag would improve the low frequency system
responsc;

b, When the low frequency system respoase is important because of the low bandwidth of the input.

¢. When the controlled element characterisrics are such that the intzoduction of the iow frequency lag
will not result in higher frequency destabilizing effects incapuble of being overcoms by a single first
order lead,

When these conditions do not apply, the low frequency lag does not appear,

When the concrolied element characteristics, coupled with the ‘unalterable’* reaction time delay term of
the operator, are such that a lead term would be desirable from cither a eystem stability or low frequency system
performance standpoint, then the operator will generate a tirse urder lead.

It is probable that either a second low frequency lag or a second lead term is difficult or impossible for
the operator tu generate when confronted with only visual, random appearing inputs. Several of the systems studied
could have used sucih terms to advantage and theie is no indication of their existence,

It should be pointed oue, however, that a second order lead does appear to be possible under special
circumstances, For exampir, the highly trained Navy jet pilete used as subjects by Gondyear were able to generate
quadratic iead terms while operating in 2 moving simulator.

Expressed mathematically the operator's equalization characteristic, with only visual inputs, can take
on the tollowing forms,

alys+1
K, Tt 1 a>1 (LEAD-LAG) (a)
alis+1
,,[-T!’s . 1~] a<l (LAG-LEAD) (6)
K{Tps+1) (stupLe 1ean} - - ()
Xp
Toa (SINPLE LAG) (€4
K, LPURE GAIN) &3 * (1X-3)

This ability to adapt the form of equalizing characteristic can be referred to as the adaptive behavior of the operator.

It should be recalled that the final transfer function obtained in a given task is a strong function of the
operator training in the particular contcol task. All of the describing function data considesed in this report were
valid after the learning period. Therefore, adaptive behavior refers to whae the opesator can do after he has achieved
some familarity with the patticular comrol process. The length of the trial and error process involved in achieving
the final transfer function form is, of course, quite dependent upon the forcing function and controlled element chas-
acteristics and the background of the operator, For example, in Section YI we noted Russell’s comment that only a
few seconds to a minute or so were required to adapt propetly for variations in controlled element characceristics
during a run; much longer times were required on che F-80 simulator simply to achieve familiarity with the simulacor.
Goadyear noted that =s much as 20 hours wae required by one of their subjects {a non pilot) before he attained any
reasonable degree of proficiency in controlling the simulator.
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5. Gain Adjustment and Optimalizing Behavior

From all of the data it is appatent that operator gain is a hnghly adjustable parameter, On_essentially ..
all of the more complex tasks with controlled element dynamics, the gain was ser to values giving quite low phaqe 7
margins, of the order of 30 degrees or less. This was also true of the Elkind rectangulac specta forcing function --- - -
data for inputs to [, = 0.96 cps. The gain value adopted by an operator also appeaﬁ to be a distinct function of

iadividual motivation and uwaining in the particular task. -

In addition to gain adjustment, all the evidence available indicates that the operator is not only adaprive
in sclecting the form of his equalization function within the rough limits set above, but also adjusts the value of
some of the constants within the transfer functinn adapred.

Some insight into this behavior can be obtained by considering the simple tracker data as a function of
forcing function bandwidth. From rthe Franklin data it appears that the lead time constant, T;, is considerably re-
duced as the bandwidth is increased, indicating that the operator is astempting to increase his bandwidth as the
presented information requires such an increase, A similar trend is seen in the Russell and Elkind data, except that
there the operator changes his low frequency lag time constant and gain, e.g., K = 9.427} for Elkind's data. Both of
these characteristics show a distinct tendency on the part of the operator to adjust his paramcters in an endeaver to
foiiow the forcing function and to minimize the effects of other signals present in his input.

This behavior is similar to thar expected of an ‘‘optimalizing’’ servo system, i.e., one that adjusts the
values of its constants as a function of its inpues, Although we would be hard put to specify the precise optimum
toward which the subject strives, we cun assert that the human opetator is both “adaptive’’ (withip a relatively fixed
form), and ‘oprimalizing”’ (to some internal criterion), In fact, the human operator is the very prototype of an adap-
tive, optimalizing servo system. Unfuitunacely the human does much mote than ihe morc prosaic optimalizing servos
in that a farge quantity of “unwanted”” output motion is aiso supplicd by him in the control process?

Having noted the optimalizing characteristics, it breomes a matter of interest to speculute upon the eri-
teria used to adiust these variable parumeters, For simple systems, sveh as Elkind®s, it was shown in Section V
thut the clussical minimization of the rms crror {operator’s input) has some merit, at least in temms of giving a rough
idea of the general type of compromise being performed between following of the forcing function and the noise, It
will be recalled in this regard that a bugaboo exists in that the operator ““generates’ his own noiee, which is, in
turn, related to his transfer characteristic,

A similar optimalizing bahavior is exhibited at the other and of the range of difficulty by the F-80 simu-
lator results. Here there is a reduction in @ and an increase in 1/7; in both the lateral and longitudinal operator de-
scribing functions as the forcing function bandwidth increases, Within the limitations of the possible form of opera-

toi'’s

tor’s input). However, a rather remarkable difference exists between the F-80 and Elkind results, It will be recalled
thar the mean squate error (and error spectrum) found in Elkind’s cxperiments increased with task difficulty, i.e.,
with input bundwidth, The F-80 simulator results, on the other hand, show that the eiror spectra in a particular axis
are not strong functions of the forcing function characteristics, but are similar for all three input bandwidth conditions
differing mainly in their bandwidths, A considerable difference does exist, however, between laceral and longitudinal
etror spectra. In other words, the error spectra on the F-80 simulator appear to be largely functions of eicher the con-
trolled element characteristics, or the attachment, by the operator, of differing degrees of importance to controlling
ailcron and clevator. This situation docs act detract too much from the conjecture that the opemto:’s tracking cri-
ior: is akin to the servo critetiun of mean square error minimization. This is so because, in systems containing con-
tivlled elements as comples as the F-BO simulator and in view of the restric ted oparator cransfer function form, the
mean squuare error variation with operator parameters is relatively slight over the tange of values allowable from the
stabilization standpoint.

describing function, both of these changes tend to reduce funstione of the abeolute value of the eris (opera-

Taking all of the data, then, it appears that the operator does adjuse his parameters as some function of
the magnitude of his presented input. Further, he tends to modify his transfer characteristics until he has .-chieved
either a petformance which he accepts o, pechaps, a performance level which represents the limit of his abilities.
it should be pointed out that the operator action tending to create the second of these possibilities was generally
tequested by the experimenter. Other experimental conditions, e.g., when the operator is asked ro keep his signal
within a rigidly defined set of limits shown on the display, may not yield similar results to those given here, Ac-
t1ally, we only have glimmers of the operator’s criterion for optimalization, and we are forced to note simply the
consistency of his actions with other well de(ined criteria rather than being able to derive his rationale for acting.
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&, Hypothetical Transfer Function Model

From all of the above it is now possible o hypo:h:sxzc a linear ~daptable medel of the human operator,
for random appearing visual inputs and matic: wutputs, which is consistent with all of :he data amlnble. In quu-‘ )

tien form: . : -~ R

, Kpd ™Tys + 1) K¢ ""(a'r,.{n) '
Y, — r T AT R (%:4)
(Tps = INTys + 1) 01- (s + WTys + 1)
where! Reaction time delay, "i", is: 0.12 < 7 < (.20 seconds.

Neuromuscular lag, “Ty", is partially adiuvtable for rask,
Equatization, SHStN" ALSED L eble with forcing d controlled el
&l | ’ (TIS ) (7}5 mny is adjustable with forcing function and controlled clement.

Gain, "K,"”, is adjustable for nverall system stability and low frequency performance,

Iy b . d " 4 . .
Indijference Threshold, krlbl] , is a second order effect with adjustment and values not known,
T

Vithin the limitations of the above form the operator adapts his desctibing function (Jag-lead, lead-lag, pure lead,
pure lag, or pure gain) to vbtain what he considers to be an oprimum controller, cantrolled-clement system response
in the presence of the foreing function. The describing funcrion form adapted is one consistent with stability and
good low frequency control of the averall system, The constants are adjusted to some criteria akin to that of the
tms minimizaticn criterion of servo theory, In most cases with forcing functions having a faiely '~ frequency con-
ent, the ovetall system probably cxhibits marginally stable high frequency control. In other words, the wperator
transfer function for a gwen task 1s very stmilar to the one that a servo engineer would select if be were given an
e’ement to control iogether with a ""black box,"" baving witkin it elements making uf) the describing function given
hy Eq. (1X-3). and knobs oz the outside for adjustment of &, Ty, asd Kp.

C. HYPOTHETICAL REMNANT MODELS

In the course of this study several models have been proposed v “‘explain’ that pottion of the opera-
tor's output which is not "'lincarly coherent’’ with the system forcing function. In terms of the operator’s uncor-
related output powet, three of the models considered appear to have descriptive merit, These are listed below in
the order of their appearance in the previous sections of the report. and are illustrated in Figure 146.

1. A “noise’’ o1 error supetimposed upen the operator’s linear output. As shown in Figure 1464, this
noisc is effectively injected into the system. As presently conceived this descriprion assumes thar:

a. The humans output tesponse, c{t), can be approximated by a series of discrete steps.
Fach step consists of two components, i.e.

(1) A pant, Aey, iineacly related to the forcing function;

{2) A part, n(1), reprecenting random error or noise, which is not linearly cohezent
with the forcing function, and which is independent of all other output steps.

b, The mean-squn:c noise may be proputtional, in some fashion, to the mean squaze value
of Aey, i.e., ng '\'[Aeu’]

The dara fits made using assumption 1-a imply that the equivalent noise injected has a boxcar
like time strusrure, with average "‘switching’® from one value to another which is roughly proportional
10 operator input signul axis crossings. Assumption 1-b is not imperative for this interpretation.

2. Nonsteady behavior of the operator. This concept is based on the notion that the operator’s trans-
fer characteristic is essentially linear but time varying in some random fashion. The time-varying

rorticn of the closed fnop tran<fer funceion, AH(t), would possess a box-car iike structure, and its rms
value wonld increara almaes 4 .«l.-.-—-ok with tha Adsmanrde :m'pcs-d ku the taelr The enl-_)iva_]gnt OPCX\".OOF‘
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time-varying characteristic, AY(e), would have an rms vajue not so drastically dependas: spon the
task demands, possibly being nearly constant. Such a nonsteady transfer characteristic will ace in
parallel with a describing function which is ftequency variant only, as shown in Figure 146 4.

3. An “‘anticipation’’ or sgn function eperating on the input signal in parallel with n quasi-liness de<
scribing function. The portion of the operator’s output due to the sgn function will-be a square wave
of constant amplitude; ay. The axis crossings will be identical to those of the error (operator’s-input);- -~

As implied in the statement preceeding this recapitulation, there is little to chooké between.these three
concepts in teems of the existing data on uncorrelared operator output power, On this basis all three are effectively
equivalent models. In addition, all “'explain’’, to some extent at least, the quasi-periodic behavior observed on’
time records of human responses.

When more detailed factors are examined, such as the point-by-point output time function check batween
the Goodyear analog and actual pilot, the third (perfect parallel relay), descriprion becomes very enticing. Unfortur
nately, this description is based upon only one set of controlled-clement, forcing-function characteristics. The
other remnant data could be explained ro a large cxzont by such an “'snticipation’” model (and vices-versa, of cnurse),
but a Limiting case tends tc make us wary of the outright assertion that this is the best model. This limiting condi-
tion will occur when the task is very difficult, sa that the parallel, nearly linear, describing function is very small
relative to K(a, /), the describiug function of the sgn transfer charactesistic, Under these conditions, the overall
operator describing function would tend to be a purc gain, with no reaction time delay. For the Franklin F-80 studies
in longitudinal control for we, = 1, 2 radiansAecond the describing function does appear to approach a condition where
it'is effectively a pure gain, whereas | ra - 4 radians/sccond for which p is greater than for we, - 1, or 2 radians/
second, Y, =z Ke™U+ %,

with all of these points in inind, it is probably expedient for us ro assert that all three points have cqual
menit. However, we hold the following opinions:

Y. The nonsteady model is hest from the point of view that the cutve fits upon which it is based were
the muwst adequaie ones made;

2. ‘the noise injecrion model is best from the standpoint of simplicity in using the hypathetical e
scribing function data for system seability predictions and general servo analysis;

3, The paraliel sgn function, or perfect telay, model is best from the viewpoint of foint by point pre-
diction of the operator's output and in creating an intuitive physical view of the opcrator's actions.

Because of the approximate equivalence of the three models, as regards their manifest effects in the daca,
and the peines cnemerated above, we foal that the «~lactic view ic the most practical ae this stage. By accepting
this vicwpcint, the choice of remnant model can be left to the cngineer or psychologist analyzing a particular prob-
lem. The model can then be selected on the basis of convenience for the particular job at hand, Of course, due
caution and restraine shouid e used in oo eacesding e bounds imposed by the expernimental conditsuns 0f % nich
the models were originally derived. An experimenter’s ingenuity would be challenged in designing appropriate ex-
periments to choose between the possible remnant models. The nonsteady model is most amenable to experimental
study.

In pait B of this section we weze able to outline a hyporhetical transfer function model which can be
uzed ac a reascnabls basis for crude prediction in overall system calculations. As matters now stand, this model
should be suitable for engineering analyses of system stability, and for use as a guide for system equalizztion syn-
thesis, This is the case because the reaction time delay and possible types of operator equalization within the re-
stricted adaptive form are fairly well tied down. These two ite ms usually dominate the scene whan cae is perform-
ing a stability analysis. The criteria that riight be used for adjusting the operator's variable parameters (leads, lags,
etc.,) are not known, but this stare of affairs detracrs lictle from the goneral statements above,

Now in this part of the gection, it would be very nice if we could presneibe a teasonabie remnant modei
to go along with the hypotherical adaprive and oprimalizing transfer function. Unfortunately, the dearth of remnant
daia and the dependence of that avaifable on both controlled elemen: and forcing function details make this impos-

sible, There ie just bately enough data to allow us to make the above statemetits on the probable equivalence of
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) (Elkind Recrangular Specua Forcing Function.)
RN = [P®cos2mirdf .. (1X-9)
1t ™) is continuous,
£ R = -0 cos 2n/rdf (1X-10)
so thar 1'.
R0 = ~(2mP [ N4 ‘ (1X-11) :
Since R(0) - [“®(/)df, then B, will become -
| - P 1 -(ZH)IJ:' &N df % ) r,lonm,ﬂ]% 2
Coow )’:‘»u(ﬁd{ ,,. eodf B
t ' z
2 i
= SN (1%12) !
e, i
All of these forms, R, [ and oy, should resule in about the same type of relationship as Equation {IX-3)
for the Elkind rectangular spectrum data since, in that case, all are suong direct functicns of fo. The same thing H
. ) i
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cannot be said of situations with dominant controlled element dynamics, such as the -0 simulator, Ca the othes _

hand, we can say that Elkiad’s higher [, tasks were nearing the limits of human capability. . an :ump!; his ‘subs

jects were unable to track the next higher forcing function.f;, = 4 cps. Therefare, it may not be nnu;:gnﬂble_m - -

suecuhte that an equaiion of the form of (IX-5), with some moze fundameatal error spectes quantity sybetitited o
4o will give a rough eutimate of p, for a given task. If we accept dveiageé sreor signal axis crossings, B,
quantity {only as n guess, of covrse), then Eq. (IX-5) can be modified to

pu = —=--1=—E-«=; (%-13)
\/1 ' [zﬁs‘]

since B, in Elkind's case is approximately 22/, for the higher cutoff farcing functicns.
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Section X

PREFERRED FORM OF QPERATOR'S DESCRIBING FUNCTION IN COMPENSATORY TASKS
—— AN INTERIM BASIS FOR MANUAL CONTROL SYSTEM DESIGN -

In the preceding sections of this report consideration was given to how the operator actually performs in
particular tasks, and an adaptive, optimalizing model was hypothesized to characterize his behavior, This model
can probably be used with some confidence to predict qualitatively the performance of a given man-machine system.
While all of this information is very useful in an analysis problem, 1t is also desirable, for synihesis putposes, (o
know how the operator should be allowed to pecform, i.e., what is the best type of describing function for the human?
If thie operator is more precise when he adopts a particular describing function than when he assumes other transmis-
sion properties, it would then seem desirable to design the nonhuman elements of the control system in such a fash-
ion as to use the human in his most competent role.

_To perforin an intelligent controls design on this hasis, the engineer requires a knowledge of an operator
form which is ""preferred’” from the standpoint of performance. To derive an operator charactesistic which is presum-
ably the ""best’’ for him to adopt, in the performance sense, we can use data of two varieties, The first, of course,
is the describing function wad scinnaut data which we have pic visasly summarized. From these data we can draw
some conclusions about those controlled element and foicing function conditions which tead to be more desirable
than others from the overal! system performance standpoint. Then, having the desirable coatrolled element and forc-
ing function conditions well in mind, we can go directly to a preferred form.

The second form of data giving us leads in finding preferred operatar characteristics is the experimental
determination of some system performance measure, such as rms errot, €rc., as a function of controlled clement apd
forcing function conditions. This latrer approach, emphasizing particularly the controlled element characteristics,
has been used extensively by Taylor and Birmingham and their colleagues [5,7,30,42]. As a result of their cfforts
using this approach, they hypothesized a preferred form cf operator model which is discussed in detal in Reference
6. Since this is such a lucid account, and because aspects of the Taylor-Birmingham model still appear applicable,
some of the followiag is taken verbatum from that source. This section is not, however, a repeticion of Reference 6
since we now have much more data to lead us to an appropriate model than was available to Bitmingham and Taylor.
The section is more in the nature of an extension of later results into a framework which bears some distinet simi-
laritics with the Bitmingham-Tuylor hypothetical preferred form model.

I: the preceding sections it was pointed oui that the human operator can be represented by the following,
outwardly equivalent, general forms:

i

Clijw) Yolj@l + Nijw)

or
Clie) = Y(jw;DE

or _
Cljw) = Y{jw)E +ayspnelt) (X-1).

On a closed leop basis all of the above forms can be put int> quantities which are more casily measured (at least
by the quasi-linear methods), and which, in this sense, are more fundamental. In closed loop form,

O = RO, + ., (xX-2)

From the previo -+ data summarized in this report we can further say that the remnant, @, tesm was of major im-
portance in determining the average performance (such as rms error, time on target, ete.) while the {117 ®,, term

was of greater importance in determining system stability and dynamic or transient performance. When we speak

of tracking precision in the usual sense, we are concerned with such things as the sms tracking error, so the
reduction of the @, term is a major key to precision performance. The definitinn of the “optimum'’ operator linear
form for precise average control caun then be said to be that form of Y, which minimizes ®p,. If the By, term was due
1o an operator induced noise which was uncorrelated with both ¥, 2nd the forcing furcrion, the preceding statement
would have little practical meaning since @, would be no function of Y,. On the other hand, if ©,, is dependent upeon
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Y, in some fashion, then changes in the controlled element transfer function calling for a different form of operator
describing funcnon stiould result in a change in $n, and hence in' trackling precision.

From the preceding sections it is evident that controlled element sransfer characteristics and forcing. . 7
function conditions are the major quantifinble components of task difficulty. It is also apparent that the mote "'dif-
ficult” either or both of these characteristics become, the lasger the remuant. All of this can be ciicd a5 cvidenee
of the fact that the operator is best when his task-demands-the least of him.. This. leaves-us with 'the froblemof
defining minimal demands, When this has been done, a rational design scheme can be presented wluch \vnll specnfy
the humac operator’s role so that he will generate these characteristics at which he is best,

Both of these problems, i.e., first defining 2 “minimum demands’’ operator tansfer characteristic form
and then a consequent rational design procedure, have been artacked by Taylor and Birmingham. Their premises
were made without the benefit of the mass of data included in this report, but it is worthwhile to present their argr
ment in detai! 25 a basic for the subsequent revision to cerrain parts. In the words of Reference G, "It becemes,
therefore, a fundamental assumption of this paper that the more complex the human task, the less precise and the
more variable becomes the man. It is assumed that, within limits, the higher the number of integrations and/or
ditlerentiations requu'ed of the man the pooter will he perform, Conversely, it is hypothesized that the more the
human operaror is freed from the tasks of integration and differentiation the more regulur uad precise will become
the humun cutpur. Human control behavior, it is asserted, reaches the optimuni when the mar- becomes the analogue
of w simple amplifier (with pure time Jelny) as shown in the following equation:

Ofs) = Ke™0(s) or Qe — KO (X-3)

where ¢ represents a value in time, and r equals the human reaction time,

“In contrast to the poor performance of complcx tasks hypothesized for the human operator is the fact
that machingz 2an be buile to perform intricate computations with ramarkably hiph precicion and low variahility, It
ie true thae crahility and acearcey are not olitained without effort, but for such tasks as double or triple integration
and/or Jdiffercatiation it seems unquestionable that electronic or mechanical components cun be made to be more
rrecise and repeatable than man.

“‘If this is the case, and if precision is required, it follows that when a man-machine system must intes
rrate, differentiate, or pecform other higher-order computations, these should be supplied by the nonhuman compo-
nents of the system whenever possible. This is tantamount to saying rhat the human should be required ta do no
mote tlmn aperate as a simple amplifier, Broadening this somewhat, adding to it a siatement ax to human bandwidth,
and phrasing it as a general design principle, the following emerges: Design the man-machine system so that (1) the

..r\dpnas required of the man never exceeds three radians per second and (2) the transfer function required of the man
is, mathematically, always as simple as possible, and, wherever practicable, 1o more complex thun that of a simple
ampiifier,

“'In line with this principie two matters require general comment. kirse of aii, it is essentiai to describe
a basic condition which must be observed if the ultimate intent of the design principle is to be achieved. Second, it
is necessary o answer :ne obvisus question of why, after designing the system so that only amplification is required
of the man, one should not take the final step of dispensing with him enurely by substituting an actual amplifier in
his place.

"'As to the first, in order to abtain optimum performance from the control system, it ix necessary, not
only to design the system so that amplification is all that is required of the operator, but it is also necessary to in-
sure thar the operator adopts this, and no other, mode of response. It appears that when placed in a control loop,
the human goes through a triai-and-error process wherein he varies his transfer function until he achiicves a condition
of minimum average crror as it is reflected to him via the display. It follows from this that to insure the adoption by
the operator of a mode of action equivalent to simple amplitication, it is necessaty to so design the non-human com-
ponents thar the operator will achieve minimum error at the display when he acts as an amplifie. If, througt, inad-
vertence, the design of the control loop permits the operator to reduce the display=d crror more by zcting as in intee
grator, differentiator, or a combination of one =r more of these than as an amplifier, then, most certainly, he will do
so.
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“In tegazd to the question of why the design principle doss not lead logically to employing an amplifier L
to supersede the man, one can only say that it does lead to preciaely thai—wheneyar-it is feasible. Under som¢ :

circumstances the best mansmachine system design will ﬂemnnd the removal of theé human from the system. But in’
many other circumstances it would be impractical to automnuze completely, - T

“Finally, in many situations, it is not - feusible to :uuphfy ‘the opeiaior’s- iask-to- the—pom: ol‘ té‘quiﬂﬁg

of him only simple amplification. In some systems the man is used precisely because he-can. do.more_in.a. tmclung -
loop than amplify., In these circumstances it would be self-defeating to attempt to carry the simplification provess
too far. This would be true, for example, in the case of handlebar tracking systems which utilize the man, not only
as an eitor detector und analogue computer, but as the power drives as well, In such cases, complete tedesign of
the system would be required if one sought to supplant the human element entirely. In these cases. one must he
satisfied with the morc modcst, yet still very appreciable, improvements to he brought about through task simplifi- :
cations which stop short of the ultimate.’’

The BirminghameTaylor thesis quoted above is given some detailed quantitative support in Refcreace w
7. This paper teports the results of a series of tests where the operacar is provided with instantaneous kinowledge
of the effects of his own mations in such a way as to make it unnecessary for the operator 10 gencrate either a lead
term or an integration. In the actual experiment, the controlled element proper had a transfer function K/s?, while
the oftecii-o contolled vlement, ss seen by the pilot, could be adjusted to tuke either the form

K{Tys + W(Tys + (Bs + 1) ;
sd .

or K/s¥
In the referenced experiment a four-coordinate tracking task was employed. The subject munipulated
two jovsticks to keep within view rwn rarpet data on a two-gun cathode ray tube. Fach doi was free to move in

buth the vertical and horizontal directions.

et aa  ———————h ks~ _

“Painted in white outline on the face of the cathade-ray tube are two adjacent 2-inch squares which
served as the boumlaries of the crucking arca. To p(amon the spat hotizontally within the left squarse, the subject
mdlupmmcu e 101t SULK anu fuue 18- “lf-'"' MUY CIICHLD, WIlIE TG veititss x-ualuuulng, i vt stick wAas moved
back and forth, The spot could also be moved from any position within the square back to center directly by a
movement which is the vector sum of the horizontal and vertical components. The right stick provided similar con-

trol over the spor within the right square. The subject’s forearms’ were supporred by armrests while tracking.

"In a remote room, an EASE (Electronic Analogue Simulating Equipment) computer was used to simulate
the ceatral system which included the three cascaded integrators in cach channel (horizontal and vertical for hath
sticks). The exprrimeater zat in this room to observe and record the subject’s performuace on two cathedecray mon-

li

itoring scopes.

“Four experimental conditions were used, The conditions may be described as foilows:

Condition A, Simulated system output is presented directly to the subject who opetates in one channel, Only the i
spot in di ieft sguaic mures and this only in the horizontal direction. It is conttolled by left-tight movements
of the left joystick. .

Condition B. Agaiu, unmodified system output is presented directly to the subject, but in this condition he operates
in two channels, Movement of the left spot, both horizontal and vertical, is conuolled respectively by lefe-

right und backeand-forth movement i the ieit joystick,

Condition €. The subject again operates in two channels with system output presented directly, The lefr spot is
free to move only horizontally and the right spot only vertically, l.eft-right movement of the left joystick con-
trols the left sper, while buck-an-forch movement of the right joystick moves the right spot.

Condition D. In this condition all four channels are in operation. The sysiem output is not presented directly,
bt instead the display had the lead terms adds4, !n each channel the position of the spot is a function,
aot of system output aleng, but of catput plus terms obtained from joysrick displaremen? and from cach

of the inrerm~diate inicgratais,

WADC TR 56.524 229

T e VRN 1 St AT O 2§, R




i
4
)
1
i
’
i
i
:
i
‘
:

e e AR

**The subject’s task was to hold system output at its initial value. Noise in the system and slight
initia] displacements of the control stick from centec caused the spot to drife-out-of the field ln5 to13 seconds .
if the operator did not attempt to hold it.** [These iwo inputs were the only foreing function sources.]

“"The subject was_instructed 1o manipulate the stick (or sticks) so as-to keep the apot(s) withii the .
square(s) on the cathode-ray-tube face, A time-on-tatget score was used as the index of petfomnnce. The expcr'
menter selected the appropriate condition and told the subject which task he was to perform, ‘The experimenter -~ =
siznalled o the cubject that the computer switch was closed, and started a stopwatch, The subject tracked until
cither () a spot Jdrifted outside the boundaiies of the square, o (b) two minutes of time elapsed, The sub;ecz s
score was taken as the number of secands that the spor was held within the prescribed square(s). "

The tesults show that a majority of the subjects were able to perform the task perfectly with added lead
terms, Without the added lead terms these sume subjicts were acver able to control the dot in two dimensions,

though some of the subjects learned, over a period of time, to exert sufficicnt control of the dot in one coordinaic
to materially increase their score.

This eenarimans indicatee the general effect of allowing the operator to function ax a simple amplifier
and pure time delay (though whether he actually did so or not is aot kaowa, siecc desciibing functions were nut
measuted). As such, it adds to that considerable body of data taken on specitic tracking, fire control, flight control
systems, etc, where “‘aided tracking'’, ‘'quickening’’, "'null steering'’, “'zero reading'’, etc, terms, (similar to the
lead ceums inteoduced here) added considerably to the pracizion of control, These experiments are all consistent
with the Taylor-Birmingham hypothesis advanced carlier in this section thut the operator should be allowed to op-
crate with a transfer function Ke™™,

Now that we have summarized the Taylor-Birmingham approach to the "'preferred’” operator characteristic
problem it becomes appropriate o discuss possible muditications in the light of the data revizwed and ptesented ju

tiis 1epoi,

Firse, with regard to the “'optimum'’ operator form, it appears that some modification may be desirable.
Thete is little question that the required presence of lead terms in the uperatar sransgfer choracteristic is connected
with an increase in the remnant, and hence decreases che ttacking precision. Direct evidence on this scote is avail-
able from the Franklin and Russell data. To some cxtent, the Goodyear stationary simulator results also corzehorate
this statement, since on those tests the indifference threshold charactesistic was associated with the presence of
the lead term in the operator. Based upon all of these data, then, we can conclude taat the “preferred'’ operator
form should contain no lead equalization.

In the general case with finite bandwidth forcing functions, the need to do away with a iow frequency
operator lag appears questionable, For exampie, ii Ruzzzll’s data with variable controlled elements, he showed
that the very best performance, ir terns of tms tracking error, in ati hir tests occurred when a fiiter haviug a transe
fer function of 1/(Ts + 1) was inserted in the postfilter location {to smooth the high frequencies of the remnant power),
and then a lead-lag of (T's + 1)/(T's + 10} in the prefilter position to cancel out the lag introduced by the poatfilter,
The net controlled eleme:s wansfler funciion, for a T = .5 seconds, was Y. =1/(.05s + 1). This controlled element
transfer characteristic was shown in other tests to be effectively that of a simple tracker, The human transfer
characteristic which existed with this controlled element configuration is best apptoximated by ¥, =K e A%z + 1),*
and the mean square error was reduced about a factor of two below that of the simple tracker. In addition to these
data, Russell also showed that insertion of a lag in the controlled elemeat characteristic (to eftectively ‘replace”’
the operator’s lag Tp), with or without a lead in the controlled element, resulted in more output nnise power than was
the case with ¥ = 1. From these data we are led to suggest:

* The foim loe ¥, which we have specitied is the simplest reasonable formn. Were we to strive for & more general form we wowd
Ke™(aTis+1) Ke™Tps4 1)

(Tys+ I} Trs+iNIys+
a matter of taste {sec footnote to the discussion following Equatica {¥.40) ia Section V), and the presence of lead terms is not
strongly supported by the dara.

choose either Fquation (V-40): YP = or Equation (V-42): Y = . In most cases, the choice is
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(1) A low frequency operator lag term is desirable, at least when @ forcing function ia present, Further,
interpreted in tesms of “'effective’’ desirable controlled element chatacteristics, the above dataalso
support the premise that: : : I

; be sor

{2) The overall conttolled element transfer chatacreristic shauld appeat

’ 1
1 = &

Y= 0.05s +1
(3) The postfilter can be made effective as a filter to attenuate high frequency semnant power. This
will probably be most effective in those instances where a dither signal is an imporeant aspect of the
remnant,

The above suggested modifications to the **simple amplifier’” preferred form is a relatively minor change,
On the other hand it should be stated that consideration of forcing function effects on the remnant can result in much
more important modifications. Much of the background for the Taylor-Birmingham thes is was based upon forcing
functions which were cither non-existent or composed of extremely low frequency componests. We can, however, con-
sider the modifications impused upon the preferred model by higher frequency forcing functions by the following rea-
soning: .

(1) The modified preferred uperator model should be of the form Ke™/(Tys +1); or alternacively, the ef-
fective controlled element should be essentially a perfect tracker,

(2) Under these conditious, we can tesont directly to Elkiad’s data to find the effects of forcing function.

Fallowing these points through, we can see from Figure 30 that it is desitable to have os low a bandwidth forcing
functica us possible, and furcher that the rms error expected will he approximately proportional fo the square of the
effective forcing function bandwidth, If we would prefer to establish “'goud” low frequency system response to the
forcing function as a criteria, i.e. high dc gain, we would like to restrict the forcing function bandwidth to some
value somewhat less than that cquivalent to a rectangular forcing function spectra cutoff of 0.64 cps. [This is based,
of course, upon the somewhar arbiteary critetion that a de gain of 15 db or so yields ‘good” low frequency response
of a system having the overall open-loop transfer function Ke"™/(T;s + ] In any event, by accepting the above modi-
fications to the preferred form, one can use Elkind’s daca dircctly to get a firm notion of the best expected system
performance,

With regard to the rest of the Birmingham-Taylor design procedure, it can be considered to be generally
valid if the shove nreferred form and forcing function commems are inserted. This icads us to the fzlizwing ewp-
gested design procedure:

1. tdjust® the effective comrolled element transfer function to that of a simple tracker, i.e. within
the limits (exclusive of gains):

. 1
L& X € gt (X&)

e. In thiz adjustment due care should be teken to filter ae much of the cpeeatar high fre-
quency remnant powet as is possible in the citcumstances.

b. The arrangement of equalizing elements, etc, used in modifying the initial controlied
element to that of the forn above should be such that the operator japut bandwidth is as
small ps practicable.

* The term “‘adjustment’’ as used here meens the addition of equalizing devices into the system in such s way as to meke the
effective controlled element the form shown above. These equalizing can 1st of seties or passllel compensstiag
nerworks, additjonal loop closutes, etc. These are all straightforward servo techniques, and need not be discusscd here.
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2. ‘The human trapsfer characteristic will then be of the gyyrozi_ma_l:ﬁ form:

Ke-.ﬁ S e L

-l-r'a SN2 O, :
P T s+ Ds 1 1) S,

-~ * ey

e

~a. When the actual system forcing function.is put into thé form-of -an-*‘effective’’forcing= =~ -
function operating on a simple tracker system (which can be_done with the.aid of a liccle. . .
block diagram algebra), then the ‘effective’’ forcing function spectea can be found, Using =~
Elkind’s data as approximations to this forcing function, upper bound estiraates for K, and
/T can be made from the forcing function speotral chatacteristics, T

b. Tle remnanc characterisrics can also be extimaied using either of the remmant medels
previously fiteed co Elkind’s data to obtain lower limits for the remnant power.

3. Using these items of information, the system performance can be cstimated in detail by normal se:vo
urethods, The quantitics obtained will always be optimistic since the basic (Elkind) .perator data used
in the analysis is probably an upper limit of human performance.

The approach outlined above is our bese estimate of preferred operator forms extended to u rational design
procedure. It wouid not be realistic, however, to assert that the procedure should be used indiscriminately. There
are several possible pitfalls that should be mentioned, The first, and most obvious one, is that of application to
areas beyond those where the fundamental assumptions used in the derivation of the mode! are valid. For example,
the system should be one where the operator is continunusly tracking only visual inputz en his display, and other
inpus (including those cffectively *'set’’ into the operator by past experience), must be negligible. The second pit-
fall is commonly encountered in serve practice, and involves the problem of system reliubility and cver-complication,
A< an example coneider the case of v huiran pilet-airframe system, where, of course, inpurs “set’’ into the anerarar
are not nealigible in general, although we may disregard them in cpecial instances, The effective controlled element
teansfer Inction, ise., the equivalent aitfrans, can be put, at least approximately, into the form where ¥, = L. This
could be done by judicious design of arrificial fee! systems, stability avgenters, and compensation of various sons
in a display. Presumably everything would be satisfactory and a relatively naive opruator could *'{lv"" the alcciafi
quite well. However, the instant some element of the system fuils, ull beta ate off, —the effective controlled ele-
ment is no longer approximately free of dynamics, und the possible overall effects could be cainstropic. On this
same point, we should further note that the application of this desizn procedure can often result in an overdesigned

system. An important matter of judgment is the ability tu recognize when a control system is good enr.., 1.
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Section Xi _
COMPARISON OF COMPENSATORY AND RURSUIT TRATKING

(A D N

- TR emma wv mam e —e

A. INTRODUCTION _ : R e
In the body of this repon we have limited our discussion ilmqgg 'e‘icluaiv'ql'y‘to i:bgzpenn_:o_;ymmckgng.

The reasons for this ate: firstly, most manual control devices of practical importance embody 2 compensatory dis-
play; secondly, most previous research concentrated on compensatory displays; thindly, it is exeremely difficule o

measure-open loop describing functions in pursuit tracking, and this has not yet been done.

In Section I we presented a discussion of pursuit and compensatory tracking. As can be noted by s2fer
ring to the block dingrams in Figures 3a and b, the basic differénce between pursuit and compensatory tracking
(in the tramewerk of a lincar model), is that the opetater generaies one describing function, ¥, which operates on
E(s) in the case of a compensatory display; and twe describiag functions, ¥, which operatcs in I(s), and Y,,, which
operates on E(s), for the pursuit display. This sdditional describing function provides the operator with the oppor
tunity o improve his adaptive aid optimalizing behavior, Equations (I-1) and (I-2), which are repeated here {as
(XI-1) describing compensacory tracking and (XI-2) for pursuit tracking], indicate how both C(s) and E(s) may be
modified by the availability of two describing functions instead of just one,

Yo(s) 1(s) + Ne(a:]_
T+ T %ds)
1) - K

1+ () ¥els)

C(S) =z

(Xr-1

L(s) =

. T, () + ¥, ()] 1(s) + NLs)
€)= TR
1. Yol Yks)1(s) - Yels) Nels)

1+ Y, (s)YLs) (x1-2)

E(s) =

B. COMPENSATORY VERSUS PURSUIT TRACKING WITHOUT HUMAN DYNAMICS MEASUREMENTS

The possibilities implicit in Equation (XI-2) have been sensed on a more intuitive level by Poulton,
Senders and Cruzen, Chernikoff et al., and others, and many experiments using various forms of average crror cri-
teria were performed (17, 18, 19, 63,64, 72). Poulton 2emonstraced {64] that the tracking of a compensatory display
error alone could be improved considerably by adding a pointer driven by i(t), the forcing function inpue, The addi-
tion of a pointer driven by c(t), the cperator’s output, had no significaat effect, Senders and Cruzen {72} conducted
an ingenious experiment to compare pursuit and compensatory tracking as well as contrived combinations of che two.
Pursuit tracking was always better, and the reason given was that the display provided more information on which
the operator could base predictive actions. This is, of course, a verbal statement of the meaning of Fig, 35, and
Equation (X1-2). A seties of recent reports by the engineering psycho!-yists of the Naval Research l.aboratosy has
been devated to comparisons of pursuit and compensatciy uacking for problems with and without dynamics, with
different types of aiding, and with different coutse frequencies, Almost invariebly pursuit displays have been
associated with lower tracking errors. An interesting exception is presented in {82] for a course composed of three
sine waves of frequencies approximately 0,28, 0.47, and 0,70 radians/second, and whose respective amplitudes were
inversely proportional ro these fiequencies. The manual control was a tlexible steel bar and the control element
dynamics could assume one of the [ollowing forms: .

(a) Y,

i
—

®) Y = -

(&) Yo = ==
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The pursuit display resulted! in less ersor for Yo =1, but the compensatory dusplay was mora actutaté
for Y, =1/s and for Yo={(0.5s+1)/s._Th ecasential reason ndvanced by Cheenikoft et al, in R:ference 19 fgr the
superiarity of compensatory trucking whesn ¥z arsufied valucz (b) ahd(e) was thit e
dynamics made the task so simple that ™ zubjert needed no more mtom_nn.gu than_w
nal nlone. The addiilanal inlnrmnrmu ina the pursuit dnplay was deemed grntmtous, g, m fse

" ence 19. Cheriikoff et ul. make the prec:edural pomt that many pu:sun vs,” compensatory tmclung compnr so_

not adequate since rarely are both disple=ys used in an optimum fashion, Since, from 2 praciical viewpoint, the
compensatory display allows a greaterezstor magnification for a dispiay of given physical dimensions, and the pur-
suit display has the advantages inherene= in Eq (XI-2), it appears tha; tracking displays, cither presently or in the
near future, will emphasize an empiricsl mixtite of compensatory and pursuit components. This is much as Pot_llton

implied and Sconders and Cruzen achiew- d.

"C, COMPENSATORY VERSUS PURIWEIT TRACKING WITH MEASURED HUMAN DYNAMICS

The only data on the compimrisan of compensatory and pursuit tracking from the viewpoint of human
dynamics were obtained by Elkind {23 The experiments of Eikind described in Sections V and VIl were, save for
one minor example, carried ont for pursuiit a5 well as for compensatory teacking. {t is not our purpose to present
Elkind's pursuit data in the same -jetsil as the data for compensatory tracking, We will attempt to point up similar-
ities and contrasts, and leava it to ther—eader to refer to the original source for furthier detail. Since the open loop
pursuit system desczibing function wollad have been abtainable only after grear difficulty, only cloded loop functions
are available. )

In Section Vii we zammarizesd Elkind’s fimlings on the variubility of the closed loop describing function,
(), and cctative Opp and Pppe Siuce tmmcte was easentially wo difference in the conclusicns of the variability study
for compeasatery tracking from the cor- fusions for pursuit tracking, the discussion in Section Vil need not be &
weaded i iy seccivn,

In Section V we presentedt he general experimental results for Elkind's experiments: [1— Amplitude,
Il - Bandwidth, and IV — Shape. The pmrsuit tracking patallels for these experinients were procedurally identical
except that the pursuir display enabledr the subjects to track a 4.0 cps cutoff rectangular spectrum which was im-
possible with a compensatory display. Ve wili discuss these experiments in ordei.
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vations indicate that the human opérator is acting as a pradictor, and th
Also, the extent of the invariance of the closed loop describing function H(f) wit's input amplitude is not as great

for pursuit tracking ac it was for compensatory tracking. For pursuit, we are limited to a measured 10 db range
from 0.3 to 1.0 iuches rms, as compared to the meusured sange of 20 db for compensatory tracking. There is renson
to believe that these ranges may be extended on the high end. A perceptua! problem in extracting the ‘derivative of
it} for very small amplitudes may be at the root of this. We cannot blanie a manipulatory response for the difference
in the response to the 0.1 inches rms amplitude input since the mannal tracking respenses for compensatory and
pursuit arc the same. T

[¥) - ‘
—o— A1 (1,0% rms) !
o %
@ —a— A2(0.32° ms)
o e ] - A3{0.1% ms)
= S aawet
" eyt I
W
2
i! e
os . e e
2P
1 B | b L 1
L] [13 o4 (1] 08 [
FREQUENGCY ko)
10
[ of~

b "\4&..&_‘0.&\.‘(4;—\\
jtt

3

PHABE MK7) isrpans)

Figure 148, Effect of Amplitude: Mean
Closed Loop Desctibing Functions.
(Reference 23, Fig. 4-6a,b.)
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Experizsent Il — Bordwidth

Thgsc gesults (see Section V and Referenge 23) may be smm:{zgd,gajgllws. lgg_ge_rki? pre
a com}wan..on qf eomgennntm‘y amd pursmt tnckmj closed lqge descnbmg _fuu 5 fpx xectg_ﬁular _Specty
; of cutaff fmquencxes from 0.16 to 0.06¢cps. Figute 150 prescits a sim for guveff-iragy
cies:from 0.96 to 2.4 ¢pa in compensatory tracking, while in plirSuit t_xackmg the :g:e_ad__!gg_ 2T _gg-gg 4_, cps: -

by the subjects, As was noted be_f_o;e_. _the pursuit describiog funciions mdxcate the presence of & le-" e
tracker’s output,

o~ R.16 —e— R.24 &~ R.40 —— R.54 -} R.76 -

- .- - - e ey e s [V

S AN + o o™= o 2
1 NN !
ook W i
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FACOUESY fspelt FREOUENCY (1o}
a. Compensstory. b. Pursuit, .
Figure 149. Comparison of Closed-Loop Describing Functions for Dasndwidth Experimcar B

(Referance 23, Figures 4-7a,b and 4-9a,b.)

o Sy ma R Botm  AV EL

WADC TR 56-524 236




I

1]

|

1

i
P
y
®

ML NS R TN T

Hoeow

poup e

-y

- R.9®¢ ~- R1.8 - R2.4 -~ R4.0

i

Ik -
ou M WN \/‘1.—»-4
w‘y 1
L 1 L 1 L 1 ] 1 1 A
o o 18 [} e ‘"0 -] .8 [x) [X) 3 490
FAEQULHLY (con) PREQLENCY wpa)

, PRSI el isegreee)
- .

i

o0, 140} \ [
1 1 J L 1 1

" -
o gt o8 O [ ] a0 ) [ . o [ I
FREQUENCY topw! FREQUINCY 1c0)
a. Compensatory. &. Pursuie,

Figure 150. Comparison of Closed-Loop Desct:ving Functions for Pandwideth Experiment.
(Reference 23, Figures §-8a,b and 4.10a,b.)
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Experiment 1V — Shape

. The desc:ibing function obtained with the set of RC filsered input spectra and the recrangy
(see Figute 27) ate presented in Figure 151 The diffecences between.the describing funcion for thé twodl
ate in the same direction ag we might expect afies sceing the previous data, Similatly afy éxamination of 3813
band and basd réject spectta demonstrates the lower phase lag, and gréater-closed-loopguin;.of ¥ £ puis
The most striking demonstration of the prediction ability of the human operator i5 obtained with the bandpazs

puts, B-7 cheough B-10. As Elkind notes, bandpass random signals closely resemble a carrier modulatedia both - = - ’

amplitude and phase by random awise. In pursuit tracking the human operator can extract this carrier from the inpu,
as it were, and synchronize his response with it. The compensatory display does not allow such predictive ability,
¥igure 152 illuserates this effect.

—— F3 ~a— F4
- e 1
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FACOULILY Ups) FREQUENCY {con)
a, Compensatory. &, Pursuit.
Figure 151. Comparison of Closed-Loop Describing Functions for Shape Expetiment.
(Roferance 23, Figures 4-13a,b and 4-14 a,b.}
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(Reference 23, Figures 4-19 a,b and 4-22 a,b.)
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Linear Correlations and Error Specna

Save for an exception in Experiment U for input R2.4, the equr spectra for pursult tacking had lower

_values than the cortesponding spactra for compensatory systems, The linear carrelation squared, p?, was sonrwhat

smoother and higher for the pursuit system than for the compensatory system but there were no"zstrikil’u différences.

In Experiment 11 the 0.1 inches rms amplitude run of Figure 153 was evidently diffetens from ‘théother

inputs in che experiment. Figure 154, a comparison piece to Figure 52, illustrates the deterioration in p? as the
task difficuity increases. :

0= A1(1.0% rms)

X -~ A2 (0,32 rmy)
d - A3 (0.1" rms)
Loeeg

S— e e S L
. f o

RS ISR S SIS
|

o ¢
TREQUENCY (a8

Figure 153. Lincar Cavrclation Squared for Study of an Input Amplitude.
(Reference 23, Figure 4-6¢.)
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Figure 154. Linear Correlation Squared for Study of Bandwidths.
(Reference 23, Figures 4-7c and 4-10¢c.)
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As can be seen from Equation (XI+2) and Figure 3a. the extraction of Y, and Yy, in an experimental
problem, Elkind suggests the following téchnique, but undérstandibly he did not csrey it out. . The method suggested
is to add to ele) a second aoise input i;¢) which ia stacistically independent of i(t),- haviog a spectrum-similas to .
Ogp(w), and & small smplitnde. Presumably, this additional inpue signal waild not change the opetatoi’s purauit -
teacking charactesistics. Using Equation (lil-52), weasuring the power spectrum @;q,, and 9;,c, it would be possible
to obtain Y, . From ¥, and che closed joop describing function H(w}, obtained from (X1-2),

Y. +Y,
Hle) = e P

1-YoiYe

(X1.3)

it would be possible to compute Y, .

Elkind has associated a prediction element with ¥}, and in his notation PGi=Yy;, and Puy= Y, (sece
Figure 155, which is equivalent to Figure 3b). He then proceeded to constiuct a recsonable G, fom step responses,
using the lug, », measured in compensatoty tracking. G, then was approximated by tht ' seribing function
of the compensatory system. Using a minimum mean square error critetion and the follawine ancumesiong:

(a) the human operator makes use of only input displacement and velocity t ;
predict the input; H
{b} the human operator does not consider his own noise when establishing an
optimum P;;

{€} G, can be neglected when computing P,.

Elkind was able to approximate ¥, by Plf) = by+ &:{2njf), which only applies to low frequencies,

ki — G{N

)

3

Figure 155. Pursuit Tracking Configuration with Urity Controlled Element Dynamiee. i
(Reference 23, Figure 5-10.) g

i
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Within the Hmita of theae assumptioas, i.c., in particular a simple tracking task, and Gy >0, the e:ua-
tion of P;G, to H produces a good fit for the RC filtesed inpue, F,. Considering the tenuous assumptions, the ather
fits were surprisingly good, Usually, the prediction demonstrated by the human operator falls shast of the wasa ..
asquare optimum; and it ia postulated that noise in the visual process cause’s this degiadation. Sificsthere areno
direct iraswrenents of the describing function associated with pursuit tracking, fucther eluboration is wenucus-at-
this time. . . e . e e e

Our summary statement on pursuit tracking could be no moze than a repetition of the Elkind vesults

which clearly demonstrate the advantages, und limits, of the human opérator’s predictive abilities, the resulting
phase response, und the attendant overall inprovement in performance.
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